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Abstract  
The influence of  carbon nanotubes on mechanical  and bi-
e longat ional  proper t ies  of  f i lms of  polypropylene prepared with  
f i lm blowing technique were s tudied.  The carbon nanotubes  
(CNTs)  adopted as  f i l lers  were  contained in  a   polypropylene 
pre-compounded with 20 wt% of carbon nanotubes 
(masterbatches) .  To invest igate  on the effect  of  moelecular  
and/or  carbon  nanotube orientat ion on the mechanical  
proper t ies  of  PP,  the  tensi le  tes t  were  performed e iher  on 
sui table composi te  sample plates ,  obtained by pressing the 
granulated melt- mixed composite s ,  e i ther  on f i lm samples .  
Furhermore,   blown f i lm samples were tested ei ther  in  the 
blow -up direct ion  (BD) ei ther  the take -up one (TD).  Different  
response to  the tensi le  tes ts  were displayed by the blown f i lms 
samples in the two direct ions of  test ing as  a  consequence of  the  
biaxial  or ientat ion of  molecules  (and/or  the carbon nanotubes)  
during the f i lm blowing.  Excel lent  improvement  of  the 
mechanical   propert ies  (Young’s  modulus and s t rength)  for  
cer ta in  weight  f ract ions  of CNT of the blown composite f i lms  
compared to the neat  PP were revealed.  Furthermore,  the 
bubble formation and s tabi l i ty  in  the f i lm blowing process  of  
PP nanocomposites  were  corre la ted to  thei r  under lying 
rheology,  s t ructure ,  and crystal l izat ion behavior .  
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Introduct ion 
The majori ty  of  polymer f i lms are manufactured by f i lm 
blowing (blown f i lm extrusion) .  In  this  process ,  an extruder  is  
used to  melt  the polymer and pump i t  into a  tubular  die  (Figure 
1) .  Air  is  blown into the center  of  the extruded tube and causes  
i t  to  expand in the radial  direct ion,  while  a  couple of  a  certain 
number of  nip rol ls  col lect  the f i lm,  as  wel l  as  seal ing the top 
of  the  bubble  to  maintain  the  a i r  pressure  ins ide.  Extension of  
the melt  in  both the radial  and down-stream direct ion s tops at  
the freeze l ine (frost  l ine)  due to the cooling air  which is  
blown outside del  bubble and determine the crystal l izat ion of  
the melt .  This  process is  used extensively with polyolephines,  
l ike polyethylene  and polypropylene .  
In  par t icular ,  PP is  an inexpensive,  duct i le ,  low st rength 
material  with reasonable outdoor performance.  The material  
surface is  sof t  wax- l ike and scratches  easi ly .   
In many ways,  PP is  s imilar  to HDPE, but  i t  is  s t i ffer  
and melts  at  165-170 °C and can be manufactured by a l l  the  
methods used for  thermoplast ics .  
Mechanical  and rheological  propert ies  of  polypropylene 
are  general ly  modif ied by melt  mixing with par t iculate  ( ta lc ,  
mica,  c lay)  [1-4]  and f ibrous (glass ,  jute ,  aramid,  and carbon 
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f ibers  [5-9]  as  wel l  as  by mel t  b lending with  other  polymers  
[10-13] .  Reinforcement  at  nanoscale  to  improve mechanical  
and other  proper t ies  including changes  in  polymer e longat ional  
behaviour  is  being at tempted [14-20] .  Carbon nanotubes 
(CNTs),  due to  their  high tensi le  s t rength and modulus [21-
23],  are excellent  candidates for  nano - reinforcement  of  var iety 
of  polymer matr ices .   There has  been intense recent  research 
concerning the fabbricat ion,  character izat ion and appl icat ion 
of  polymer/carbon nanotube composi tes ,  dr iven by the 
evidence of  the unique mechanical ,  e let t r ical ,  thermal and 
other  mater ials- related propert ies  of  carbon nanotubes.  
Examples of  mechanical  property improvements  using nano -
re inforcement  are  avai lable  in  l i terature and include 
polypropylene/carbon nanofibers  [18] ,  pi tch/SWNTs [24] ,  
PMMA/SWNTs [25]  and PBO/SWNT fibers  [26] .  Evidence of  
enhancement  regarding mechanical  propert ies  have suggested 
that  carbon nanotubes may hold promises  as  possible  
reinforcing phase in new kind of  composi te  mater ials .  Such 
development  s t i l l  presents  great  prat ical  chal lenges,  expecial ly 
when at tempting to devise new techniques to  produce mater ials  
containing al igned carbon nanotubes.  Recent  progress  ha v e  
shown the possibi l i t ies  of  making f i lms of  a l igned nanotubes 
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by using magnetic f ield [27-29] and making fibers of  al igned 
nanotubes by using an electrophoret ic  process  [30,  31]  or  by 
direct ly  spinning an acqueous suspension [32] .  
Alignment consists  in a  preferred orientat ion of  a  tube 
( in  their  longi tudinal  axes)  within a  three-dimensional  sample  
which can be of  interest  i f  mechanical  enhancement is  desired 
in a  preferent ial  direct ion.  Alignment  can be accompanied by 
disentaglement  or  s t retching of  curved tubes.  
Usual ly ,  OM [33] ,  SEM and TEM were used to  visual ize  
these effects  in  phin f i lms or  f ibers .  Effort  was made to assess  
the nanotubes al ignment via TEM in specimens of  drawn 
monofi lament  f ibers  [37]  and extruded thin f i lms [36] .  Sennet  
e t  a l .  [37]  showed enhanced MWNT al ignment  in  the f low 
direct ion af ter  melt  spinning with increasing draw speed.  
Cooper  e t  a l .  [36] used TEM to get  orientat ion distr ibution of  
4 wt .% MWNT in PMMA, however ,  the TEM micrographs 
presented in  [36]  do not  seem to be very sui table  for  this  
purpose.  
More often indirect  methods are used to get  information 
about  nanotubes orientat ion and al ignment.  Raman 
spectroscopy [34,  38,  39]  and X- ray diffract ion [40]  have been 
used to  obtain  informat ion about  or ientat ion and degree of  
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a l ignment in specimens ei ther  in mechanical ly stretched or  
or iented during f iber  spinning.   
In  the past  few years ,  many researchers  have focused 
their  s tudies  on the mechanical  propert ies  of  
polymer/nanotubes composi tes  s t ructures .  I t  has  been 
recognised that  high mechanical  propert ies  could be achieved 
when nanotubes  are  a l l igned paral le l  to  the  load direct ion in  
the composite s tructures.  However,  the study on the mass 
product ion and especial ly  of  the their  a l ignment  in  the 
polymeric  matr ix towards the pre-de termined direct ion is  s t i l l  
under  research.   
A key issue in  producing superior  CNT composi tes  is  
a lso the  possibi l i ty  to  control  deagglomerat ion and dispers ion 
of  CNTs in polymer matr ices which are direct ly correlated to 
the hoped propert ies  (conduct ivi ty ,  mechanical ,  e tc) .  In  most  
cases  homogeneous dispersion of  nanotubes is  hindered by 
both the syntesis  induced “entangled” and  aggregated” 
s t ructures  of  nanotubes as  wel l  as  the tubes tendency to  form 
agglomerate ,  due to  the intermolecular  van der  Waals  
intercact ions between them. Single-wal led carbon nanotubes 
(SWNTs) are usual ly produced as bundles,  whereas mult i -
wal led carbon nanotubes  (MWNTs) are  formed as  entangled 
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curved agglomerate  [41] .  The agglomerat ion problem present  a  
major  chal lenge i r respect ive of  the method of  composi te  
preparat ion.  In context  with industr ial  appl icat ion of  
polymer/nanotubes systems,  melt  mixing is  the preferred 
method of  composi te  preparat ion.   
Applying shear  is  descr ibed to  be  very eff ic ient  in  order  
to minimize  nanotube aggregate  format ion [38,  42-44] and, 
thus,  to  enhance nanotube dispersion.  In  this  context ,  
Haggenmueller  e t  a l .  [38]  showed an enhanced SWNT 
dispersion af ter  mel t  dispers ion af ter  mel t  processing of  
polymethimethacri late -SWNT samples which were prepared by 
solution mixing.  
On the other  hand,  character izat ion or  quantif icat ion of  
the s tate  of  nanotubes dispersion is  a  diff icul t  task.  Direct  
microscopic observat ion of  the nanotubes dispersion in  
composi tes  is  diff icul t  to  apply due to  the extreme differences 
in radia l  and axia l  d imension of  the  nanotubes .  Opt ical  
microscopy (OM) only assesses  very big  agglomerates  of  
nanotubes and is  incapable to analyse the dispersion at  
submicron scale  [33-37] .  Surface based methods,  scanning 
e lect ron microscopy (SEM) and a tomic  force  microscopy 
INFLUENCE OF CARBON NANOTUBES ON THE PROPERTIES OF FILMS OF POLYPROPILENE PREPARED 
BY FILM BLOWING-Introduction 
 11 
(AFM) only show a cross  sect ion of  the three dimensional  
arrangement of  the nearly one -dimensional  nanotubes .  This  
makes i t  d i f f icul t  to  observe an ent i re  CNT or  to  dis t inguish 
between different  CNTs [36,37,45,46] .  Trasmission electron 
microscopy (TEM) on thin sect ions,  as  shown by Sennet  et  al .  
[37]  for  dif ferent  mel t  mixed composi tes  of  polycarbonate  
(PC) with MWNTs and SWNTs,  has the advantage of  showing 
al l  segments of  nanotubes located within the thickness of  the 
sect ion;  but  even here  i t  i s  di f f icul t  to  conclude from the 
micrograph of  a  three-dimensional  arrangement  and the s tate  
of  dispersion.  In the case of  curved and interconnected 
nanotubes  s t ructure  this  problem is  much more pronounced.  
Thus,  discussion of  the s tate  of  nanotub es  dispers ion based on 
microspcopic  method is  rare  in  l i tera ture  and in  most  case  not  
very convincing.   
One of  the indirect  methods which are  sui table  to  
compare the s tate  of  nanotubes dispersion at  a  given 
concentrat ion (e .g .  depending on processing condi t ions  or  
addi t ion of  modif iers)  are  e let t r ical  conduct ivi ty  of  
measurements .  This  was shown by Ferguson et  al .  [47] ,  by 
comparing the e lectr ical  conduct ivi ty  of  PC-MWNT 
composi tes  obtained by mixing a  di lui ted masterbatch with  
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dif ferent  amounts  of  reprocessed compounds.  Reprocesing in a  
Buss Kneader led tobetter  dispersion of  the nanotubes 
resul t ing in increased conduct ivi ty.  Another  very sensi t ive 
method is  osci l la tory melt  rheology,  as  shown by Mitchel l  e t  
a l .  [48] .  They compared composi tes  of  polystyrene  (PS)  wi th  
unfunctional ized and funct ional ized SWNTs and found much 
higher  s torage modulus  and complex viscosi ty  values  a t  very 
low frequencies by using funct ional ized nanotubes.  The 
increase in modulus and complex viscosi ty was assigned to the 
bet ter  dispersion of  functionalized nanotubes.  Visual  
observat ion of  dispersions of  nanotubes composi tes  in  a  
polymer solvent  also can help to dis t inguish between 
agglomerated and well  dispersed tubes.  This  was shown by 
Barraza et  al .  [35] comparing dispersions in to luene of  
microemulsion polymerizat ion of  PS-SWNT.  
Two are the most  common ways of  introducing nanotubes 
in polymer matrix.  In the f irs t  case the nanotubes are direct ly 
incorporated inside the polymer matr ix,  and in the other  case,  
commercial ly  avai lable  masterbatches  of  polymer/nanotubes  
composi te  [41]  are  used as  s tar t ing mater ia l  which is  di lui ted 
by pure polymer in  a  subsequent  melt  mixing process  [45] .   
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In this  s tudy the approach has been to produce PP-
MWNT composites  with varying concentrat ion of  nano tubes   
by melt  mixing technology,  s tar t ing from a masterbatch.  At 20 
wt.% MWNT (masterbatch)  s tructure consists  of  highly 
entangled and “percolated” nanotubes in the PP matrix which  
are well  wetted by the polymer matrix.  The addit ion of  PP into 
the network l ike s tructure should expand the MWNT structure 
gradual ly  by incorporat ing the PP chains  between the 
individual  tubes maintaining the “tube percolat ion”.  
Eventual ly with very high amount of  PP added (and therefore,  
low amount of  MWNTs) the percolated str ucture of  the tubes 
wil l  no longer  exists  and the MWNTs wil l  be uniformly 
dis t r ibuted,  as  f ine dispersion,  without  touching each other .   
Current ly,  nearly nothing is  reported in the l i terature 
about  the  product ion of  CNT reinforced polymeric  f i lms 
prepared  with  the blow f i lm extrusion.  Here the inf luence of  
carbon nanotubes on mechanical  and biaxial  elongational  
propert ies  of  f i lms of  polypropi lene prepared with f i lm 
blowing technique were s tudied.  The tensi le  test  were 
performed eiher  on sui table  composi te  sample  pla tes ,  obta ined 
by melt-pressing the composi te  granulates  ei ther  on f i lm 
samples in  order  to  analyze the effect  of  moelecular  and 
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carbon  nanotube orientat ion on the mechanical  propert ies  of  
PP.   Furthermore,  tensi le  tests  were conducted on the fi lms  
either in the take -up direct ion (TD) ei ther  in  the blow -up 
direct ion (BD).  The results  have shown a clear  enhancement of  
the  mechanical  proper t ies  for  cer ta in  weight  f ract ion of  CNT 
of  the blown composi te  f i lms compared to the neat  PP and  
different  t e nsi le  behaviours  in the two direction of test ing as a 
consequence of  the biaxial  or ientat ion of  the molecule 
occurred during the blowing process .   
Furthermore,  the b ubble formation and stabi l i ty  in the 
f i lm blowing process  of  PP nanocomposi tes  are  corre la te d  to  
their  under lying rheology,  s t ructure ,  and crysta l l izat ion 
behavior .  
 
 
PART I  
MATERIALS AND PROCESSING 
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CHAPTER 1:Carbon nanotubes 
1.1 State of  art  
 
In the mid ‘80s,  Smalley and co-workers  at  Rice Universi ty 
developed the chemistry of  ful lerenes [56]  which are  geometr ic  
cage - l ike  s t ructure  of  carbon atoms that  are  composed of  
exagonal  and pentagonal  faces.  The f i rs t  c losed,  convex 
structure formed was C60 molecule.  Named in the beheal th of  
the  archi tect  R.  Buckminster  Ful ler  known for  designing 
geodesic  domes,  buckminsterful lerene is  a  closed cage of  60 
carbon atoms where each s ide  of  a  pentagon is  the  adiacent  
s ide of  a  hexagon s imilar  to  a  soccer  bal l ,  for  that  the C60 
molecule is  of ten referred to as  a  bucky bal l  [56] .  A few years  
la ter ,  their  d iscovery led to  the  syntes is  of  carbon nanotubes .  
Nanotubes are  long s lender  ful lerenes  where  the  wal ls  of   the  
tubes  are  hexagonal  carbon (graphi te  s t ructure)    and of ten 
capped at  each end.   
These cage - l ike forms of  carbon have been demonstrated to  
exibi t  exceptional  material  propert ies  as  a  consequence of  
their  symmetric  s tructure.  Many researchers  have reported 
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mechanical  propert ies  of  the nanotubes that  are superior  to 
those  of  any other  exis t ing mater ia l .  Theoret ical  and 
experimental  resul ts  have shown extremely high elas t ic  
modulus,  greater  than 1 TPa ( the elast ic  modulus of  diamo nd i s  
1.2 TPa) and strengths 10-100 t imes higher   than the s t rongest  
s teel  a t  a  f ract ion of  the weight .   
To unlock the potent ial i ty  of  carbon nanotubes for  
appl icat ion in  polymer nanocomposi tes ,  i t  i s  foundamental  to  
ful ly  understand the mechanical  properties  as  wel l  as  the  
interact ions at  the nanotube/matr ix interface.  With respect  to  
thei r  f iber- re inforced composi tes  counterpar ts  [57] ,  for  the  
case of  carbon nanotubes the scale of  reinforcement phase 
diameter  has  changed from micrometers  (e .g .  glass  and carbon 
f ibers)  to  nanometers .   
In  addi t ion to  the  except ional  mechanical  proper t ies ,  the  
carbon nanotube also posses  superior  thermal  and elecr ic  
propert ies:  thermally s table up to 2800°C in vacuum, thermal  
conductivi ty about  twice as  high as  diamond,  electr i c -current-
currying capaci ty  1000 t imes higher   than copper  wires  [58] .  
These exceptional  propert ies  of  carbon nanotubes have been 
invest igated for  devices  such as  f ie ld-emission displays [59]  
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scanning probe microscopy t ips  [60]  and micro-electronic  
devices  [61,62] .   
 
1.2 Atomic structure and morphology of carbon 
nanotubes 
Carbon nanotubes can be visualized as a  sheet  of  graphite 
that  has  been rol led  in to  a  tube.  Unl ike  diamond,  where  a  3-D  
diamond cubic  crysta l  s t ructure  is  formed with  each carbon 
atom ha ving four  nearest  neighbors  arranged in te trahedron,  
graphi te  i s  formed as  a  2-D sheet  of  carbon a toms arranged in  
a  hexgonal  array.  In  this  case,  each carbon atom have three 
nearest  neighbors .  ‘Rol l ing’  sheets  of  graphi te  into  cyl inders  
form carbon nanotubes.  The propert ies  of  nanotubes depend on 
atomic arrangement  (how sheets  of  graphite  are  ‘rol led’) ,  the 
diameter  and length of  the tubes,  and the morphology,  or  nano 
s t ructure.  Nanotubes can exis t  as  s ingle-wal led (SWCNTs) or  
multi -wal led s t ructures  (MWCNTs) where the multi -wal led  
nanotubes are s imply composed of  concentr ic  s igle  walled 
nanotubes.   
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1.2.1 Nanotube s tructure  
 
The atomic s t ructure of  nanotubes is  descr ibed in  terms of  
tube chiral i ty ,  or  hel ici ty,  which is  defined by the chiral  
vector ,  Ch ,  and the chiral  angle,  q.  In Figure 1 i t  is  reported 
the schematic  diagram showing the cut t ing of  graphi te  sheet  
a long the dot ted l ines  and rol l ing the tube so that  the t ip  of  the 
chiral  vector  touches i ts  ta i l .  The chiral  vector ,  of ten known as  
the  ro l l -up vector ,  can be descr ibed by the fol lowing equation:   
21 amanC h +=  
where the integers (n,  m) are the number of  s teps along the 
zig- zag carbon bonds of  the hexagonal  lat t ice and 1a  and 2a  
are unit  vectors   shown in Figure 1.  T he chiral  angle 
determines the amount  of  “twist”  in the tube.  
Two l imit ing case exis t  when the chiral  angle  is  a t  0°  and 
30° .  These  l imi t ing cases  are  referred to  as  z ig- zag (0°)  and 
armchair  (30°)  based on the geometry of  the carbon bonds 
around the circumference of  the nanotube.  The difference in 
armchair  and z ig-zag s t ructures  is  shown in  Figure  2 .  In  terms 
of  ro l l -up vector ,  the zig-zag nanotube is  (n,0)  and the 
armchair  nanotube is  (n ,n) .  The rol l -up vector  of  the nanotube 
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also defines the nanotube dia meter  s ince the inter-a tomic  
spacing of  the carbo atoms is  known.  
 
 
Figure  1 :  Schemat ic  d iagramshowing a  hexagonal  
shee t  of  graphi te  “ ro l led”  to  form a  carbon nanotube  
 
The chiral i ty  of  the carbon nanotubes has deep implicat ion 
on the mater ial  propert ies . In part icular ,  the chiral i ty is  known 
to have a s trong impact  on the electronic propert ies  of  carbon 
nanotubes.  Graphite  is  considered to be a semi - metal ,  but  i t  
has  been shown that  nanotubes  can be e i ther  metal l ic  or  
metal l ic  or  semiconduct ing,  depending on tube chira l i ty  [64] .  
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Figure  2:  I l lus t ra t ions  of  the  a tomic  s t ruc tures  o f  (a )  an  
a rmchai r  and  (b)  a  z ig- zag  nano tube . 
 
Studies on the influence of  chiral i ty on the mechanical  
proper t ies  have a lso been reported.  The analyt ical  work of  
Yakobson et  a l .  [63,64]  examined the  ins tabi l i ty  of  carbon 
nanotubes beyond l inear  response.  Their  s imulat ions showed 
that  the  carbon nanotubes are  remarkably res i l ient ,  susta ining 
extreme strain with no signs of  bri t t leness or  plast ici ty.  
Al though the chira l i ty  has  a relat ively small  inf luence on the 
elast ic  s t i f fness ,  they concluded that  the Stone - Wales  
t ransformation plays a  key role in the nanotubes plast ic  
deformation under tension.  The  Stone -Wales  t ransformation 
(Figure  3)  is  a  revers ible  dia tomic interchange where  the  
resul t ing s t ructure  is  two pentagons and two heptagons in  pairs  
and occurs  when an armchair  nanotubes is  s t ressed in  axial  
direct ion.  Nardell i  et  al .  [66] theorized that  the Stone - Wales  
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t ransformation resul ts  in  duct i le  f racture  for  armchair  
nanotubes .   
 
 
F i g u r e  3:  S tone- Wales  t ransformat ion  occurr ing  in  
an  armchai r  nanotube  under  ax ia l  t ens ion .  
 
 
1.2.2  Nanotube morphology 
 
As mentioned before,  ful lerenes are closed.  Convex cages 
that  are composed of  pentagons and hexagons.  The Stone -
Wales transfor mation introduces a  new defect  in  the nanotubes 
s t ructure,  the heptagon.  Heptagons al low for  concave areas 
within nanotubes which can resul t  in  many possible 
equi l ibr ium shapes.  Indeed,  most  nanotubes are  not  s t raight  
cyl inders  with hemispherical  caps.  In addi t ion to  di f ferent  tube 
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morphologies  resul t ing from defects ,  carbon nanotubes can be 
single-walled or  mult i -wal led s t ructure .  A t ransmission 
electron microscope (TEM) image showing the nanostructure  
of a multi -wal led carbon nanotubes where several  laye rs  of  
graphit ic  carbon and a hol low core is  reported In Figure 4.  
 
 
 
Figure  4:  TEM micrograph  of  a  the  layered  s t ruc ture  
of  a  mul t iwal led  carbon  nanotube . 
 
 
Multi -wal led carbon nanotubes are  essent ial ly  concentr ic  
s ingle walled tubes,  where each individua l  tube can have 
different  chiral i ty .  These concentr ic  nanotubes are  held 
together  by secondary,  van der  Waals  bonding.  Single-walled 
nanotubes  are  most  desi red for  fundamental  invest igat ions  of  
the s tructure/property relashionships in  carbon nanotubes,  
s ince  the  in t ra- tube interact ions  fur ther  complicate  the  
propert ies  of  carbon nanotubes.   
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1.3 Processing of  carbon nanotubes for composite 
materials  
Since the discovery of  carbon nanotubes nearly a decade 
ago,  there  have been a  var ie ty  of  of  techniques developed for  
producing them. I i j ima [55]  f i rs t  observed mult iwal led 
nanotubes and I i j ima et  a l .  [67]  and Bethune et  a l .  [68]  
independent ly  reported reported the syntesis  of  SWNTs  a  few 
years  later .  Primary syntesis  methods for  s ingle and mult i -
walled carbon na notubes include arc  discharge [55,69] ,  laser  
ablat ion [70] ,  gas-phase catalyt ic  growth from carbon 
monoxide [71]  and chemical  vapour deposi t ion (CVD) from 
hydrocarbons [72]  methods.  For  appl icat ion of  carbon 
nanotubes  in  composi tes ,  large quant i t ies  are  required,  but  the 
sca le -up l imitat ions of  arc  discharge and laser  ablat ion 
techniques would make the cost  of  nanotubes based composi tes  
prohibi t ive.  During the syntesis  of  nanotubes,  impuri t ies  in  the 
form of  catalyst  part icles ,  amorphous carbons and  non- tubolar  
ful lerenes are  a lso produced.  Thus,  subsequent  purif icat ion 
s teps are  required to separate  the tubes.  The gas-phase  
processes  tend to produce nanotubes with fewer impuri t ies  and 
are more amenable to large scale processing,  but  the gas-phase  
technique s,  such as  CVD, for  nanotubes growth offer  the best  
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potent ial  for  the scal ing- up of nanotubes production for  the 
processing of  composi tes .  In  Figure  5  the schematic  of  the  arc  
discharge technique is  shown. This  technique general ly 
involves  the  use  of  two high pur i ty  graphi te  rods  as  the  anode 
and cathode.  The rods  are  brought  together  under  a  hel ium 
atmosphere while  a  vol tage is  appl ied unt i l  a  s table  arc  is  
achieved.  The exact  process  var iables  depend on the s ize  of  
graphi te  rods.  As the anode is  consumed,  a  constant  gap 
between the anode and the cathode is  maintained by adjust ing 
the posi t ion of  the anode.  The materials  then deposi ts  on the 
cathode to form a build-up consis t ing of  an outs ide shel l  of  
used material  and a softer  f ibrous core containing nanotubes  
and other  carbon par t ic les .  To achieve s ingle-walled 
nanotubes,  the electrodes are doped with a  small  amount  of  
metal l ic  cata lyst  par t ic les  [67-69,75,76] .  
 
 
Figure  5 :  Schemat ic  i l lus t ra t ion  of  the  a rc  d i scharge  
technique  [ 7 6 ] 
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Laser  ablat ion was f i rs t  adopted for  the ini t ial  syntesis  of  
ful lerenes .  Over  the years ,  this  technique has  been improved to  
a l low the product ion of  s ingle-walled nanotubes [70,77,78] .  In  
this  technique,  a  laser  is  used to vaporize a  graphite  target  
held in control led atmosphere oven at  a  temperatures  near  
1200°C.  The general  se t-up for  laser  abla t ion is  depic ted  in  
Figure  6 .  To produce s ingle-walled nanotubes,  the graphi te  
target  is  doped with cobal t  and nickel  catalyst  [70] .  The 
condensed mater ial  is  then col lected on a  water  cooled target .   
 
 
Figure  6 :  Schemat ic  o f  l a se r  ab la t ion  p rocess  [58 ] 
 
 
Both the arc-discharge  and the  laser-ablat ion techniques are  
l imited in  the  volume of  samples  that  they produce in  re la t ion 
to  the s ize of  the carbon source ( the anode in  arc-discharge 
and the target  in  laser  ablat ion) .  In  addi t ion,  subsequent  
purif icat ion steps are necessary to separate the tubes from 
undesiderable  by-products .  These l imitat ions have pushed the 
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development  of  gas-phase technique,  such as  chemical  vapour  
deposit ion (CVD) ,  where the nanotubes are  formed by the 
deposi t ion of  a  carbon-containing gas.  The gas-phase  
technique are amenable to  mass processes s ince the carbon 
source are continually replaced by f lowing gas.  In addit ion,  
the f inal  puri ty of  the as-produced nanotubes can be quite  high 
thanks to subsequent  purif icat ion s teps.   
Nikolaev et  a l .  [71]  descr ibe the  gas-phase growth of  s ingle-
wal led carbon nanotubes  with  carbon monoxide as  carbon 
source.  They reported the highest  yields of  s ingle-walled 
nanotubes  occurred  at  the  highest  access ible  temperature  and 
pressure (1200°C,  10 atm).   
 
 
 
Figure  7 :  Micrographs  showing the  s t ra ightness  on  MWNTs grown via  
PECVD [73] 
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Smalley and his  co-workers  at  Rice Universi ty have ref ined 
the process  to  produce large quant i t ies  of  s ingle-wal led carbon 
nanotubes with remarkable puri ty .  The so-cal led HiPco 
nanotubes (high pressure conversion of  carbon monoxide)  have 
received considerable at tent ion since the technology has been 
commercial ized by Carbon Nanotechnologies  Inc (Huston,  TX) 
for  large scale  product ion of  high-puri ty  s ingle-wal led carbon 
nanotubes.   
Other gas-phase techniques uses hydrocarbon gases as 
carbon source for  production of  both s ingle and mult i -wal led  
carbon nanotubes via  CVD [79-82] .Nikolaev e t  a l .  [71]  pointed 
out  that  hydrocarbons pyrol ize readi lyon surface heated above 
600-700°C.  As a consequence,  nanotubes grown from 
hydrocarbons can have substant ial  amorphous carbon deposi ts  
on the surface of  the tubes and wil l  require  fur ther  purif icat ion 
steps.  Although the dissociat ion of  hydrocarbons at  low 
temperature affects  the puri ty of  the as-processed nanotubes,  
the lower processing temperature enables  the growth of  carbon 
nanotubes on a  wide variety of  substrates ,  including glass .  
 
 
INFLUENCE OF CARBON NANOTUBES ON THE PROPERTIES OF FILMS OF POLYPROPILENE PREPARED 
BY FILM BLOWING-Carbon Nanotubes 
 
 29 
 
F i g u r e  8:  Micrographs  showing  cont ro l  over  nanotube  d iamete r :  ( a )  
4 0- 50 nm and (b)  200 -300  nm a l igned  carbon  nanotubes  [73] 
 
One unique aspect  of  CVD techniques  is  i t s  abi l i ty  to  
synthesize al igned arrays of  carbon nanotubes with control led 
diameter  and length.  The synthesis  of  wel l  a l igned  and s t ra ight  
nanotubes on a  var ie ty  of  substrate  has  been accomplished by 
the use of plasma -enhanced chemical  vapour  deposi t ion 
(PECVD) where the plasma is  exci ted by a DC source [72-74] 
or  a  microwave source [83-87] .  In  Figure  7a and b i t  i s  shown 
the abi l i ty  to  grow straight  carbon nanotubes over  a  large area 
with  excel lent  uniformity in  diameter ,  length s t ra ightness  and 
s i te  densi ty .  By adjust ing the  thickness  of  the  cata lyst  layer  i t  
i s  possible  to  control  the  diameter  of  the  tubes ,  as  shown in  
Figure 8a and b.  
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Figure  9 :  Micrographs  showing  (a )  nanotubes  a l igned  
normal  to  the  surface  of  g la s s f ibe r and (b)  the  inf luence  
of  MPECVD on  the  s t ruc ture  of  nanotubes  [83] 
 
In  addit ion to highly al igned arrays of  carbon nanotubes,  
large quanti t ies  of  carbon nanotubes  can be produced by 
convent ional  CVD processes .  Unl ike PECVD, which requires  
the use of  special ized plasma equipment ,  tangled carbon 
nanotubes are  grown in a  tube furnace.  In Figure 9 a  SEM 
micrograph of  the furnace-grown carbon nanotubes  showing 
the same random, curled s tructure associated with thermal  
CVD shown in  Figure  10 is  repor ted.  The outer  diameters  of  
these tubes range from 10-50 nm. These tangled (spaghet t i  
l ike)   nanotubes can be produced in large quanti t ies  and with a 
lower  cos t  than  PECVD tubes,  but  there is  less  control  over  
length,  diameter  and s tructure.  
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Figure  10:  Micrograph showing tangled ,  spaghet t i  l ike  carbon 
nanotubes  grown through convent ional  CVD technique  
 
1.4 Characterization of carbon nanotubes  
In  o rder  to  be t te r  understand the mechanical  propert ies  of  
carbon nanotubes,  a  number of  researchers  have at tempted to 
character ize  them direct ly .  Trecy e t  a l .  [88]  f i rs t  invest igated 
the elast ic  modulus of  isolated mult i -wal led nanotubes  by 
measur ing the  ampl i tude of  thei r  in t r ins ic  thermal  vibrat ion in  
the  t ransmission electron microscope.  The average value 
obtained over  11 samples  was 1 .8  TPa.  Direct  measurements  of  
the  s t i f fness  and the s t rength of  individual ,  s t ructural ly  
isolated s ingle-walled nanotubes was made with ato mic- force 
microscope (AFM).  Wong and co-workers  [89]  were the f i rs t  to  
perform this  type of  measurement  on individual ,  s t ructural ly  
isolated s ingle-walled nanotubes using atomic force 
microscopy.  The nanotubes was pinned at  one end to 
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molybdenum disulf ide surface  and load was  appl ied  to  the  tube  
with  AFM t ip .  The bending force was measured as  a  funct ion 
of  the  displacement  a long the  unpinned length and a  value of  
1 .26 TPa was found for  the elast ic  modulus,  while  the average 
bending s t rength measured was 14.2± 8GPa.  Single-walled 
nanotubes tend to assemble in “ropes” of  nanotubes.  Salvetat  
et  al .  [89] measured the propert ies  of  these nanotubes bundles 
wi th  AFM. As the  diameter  of  the  tube bundles  increases  ,  the  
axial  and shear moduli  decreases signif icantly.  This  suggest  
s l ipping of  the nanotubes within the bundle.  Walters  et  his  co-
workers  [92] further  invest igated the elast ic  s train of  
nanotubes bandles with AFM. On the basis  of  their  
experimental  s t rain measurements  and with an assumed elast ic  
modulus  of  1.25 TPa,  they calculated a yield s trength of  45±7 
GPa for  the nanotubes ropes.  Indeed,  their  calculat ion would 
be much lower i f  the elast ic  modulus of  the bundle is  
decreased as  a  consequence of  s l ipping within bundle .   
Yu et  al .  [92,93] have invest igated the tensi le  loading of  
multi -walled nanotubes and single-walled nanotubes ropes.  In  
their  work,  the nanotubes were at tached between two opposing 
AFM tips and loaded under tension.  Their  experimental  set-up 
is  shown in Figure11.  For mult i -walled carbon nano tubes  [92]  
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the  fa i lure  of  the  outermost  tube occurred fol lowed by pul lout  
of  the inner  nanotubes.  A micrograph of  this  “sword and 
sheath” telescoping fai lure mechanism of  mult i -wal led carbon 
nanotubes  in  tension is  shown in  Figure  11.  The 
experimental ly calculated tensi le  s t rengths  of  the outermost  
from 11 to 63 GPa and the elast ic  modulus ranged from 270 to 
950 GPa.  In their  subsequent  work of  s ingle-walled nanotubes 
ropes [93]  they assumed that  only the outermost  tubes 
assembled in  rope carr ied the  load during the experiment and 
they calcula ted tensi le  s t rengths  of  13 to  52 GPa and average 
elast ic  moduli  of  320 to 1470 GPa.  Xie and his  co-workers  
[94]  a lso tes ted ropes of  mult i -wal led nanotubes  in  tension and 
the obtained tensi le  s t rengths  and modulus  were 3 .6  and 450 
GPa,  respect ively.  The lower values for  s t rengths and s t i f fness  
were considered to  be a  consequence of  defects  in  the CVD-
grown nanotubes.  
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Figure  11 :  Micrographs  showing (a)  the  appara tus  for  tens i le  loading  
of  MWNTs and  (b )  the  t e lescop ing  “sword  and shea th”  f rac ture  
behavior  o f  MWNT [92] 
 
 
1.5 Mechanics of  carbon nanotubes 
As discussed ear l ier ,  nanotubes  deformat ion has  been widely 
examined sperimental ly.  Recent  s tudies  have shown that  
carbon nanotubes possess  remarkable  mechanical  propert ies,  
such as  except ional ly high elast ic  modulus [89,90] ,  large 
elast ic  s t rain and fracture s t rain sustaining capabil i ty  [95,96] .  
Similar  conclusions  have also been reached through some 
theoret ical  s tudies  [97-100]  a l though s t i l l  very few 
correlat ions betw een theoret ical  predict ions and experimental  
s tudies  have been made.  In this  sect ion we examine the 
mechanics of  both s ingle walled and mult i -walled nanotubes.  
 
 
INFLUENCE OF CARBON NANOTUBES ON THE PROPERTIES OF FILMS OF POLYPROPILENE PREPARED 
BY FILM BLOWING-Carbon Nanotubes 
 
 35 
1.5 .1  Single-wal led nanotubes  
Theoretical  s tudies concerning the mechanics of  SWNT have 
been  persued extensively.  Overney et  a l  [98]  invest igated the 
low -frequency vibrat ional  modes and structural  r igidi ty of  long 
nanotubes consis t ing of  100,  200 and 400 atoms.  The 
calculat ions were based on empir ical  Keat ing Hamil tonian with 
parameters  determined from firs t  pr inciples .  A comparison of  
the bending s t i f fness  of  s ingle-wal led nanotubes  and an 
i r idium beam was presented.  The bending st i f fness  of  the 
i r idium beam was deduced from the Bernoul l i -Euler  theory of  
beam bending.  Overney et  al .  concluded that  the beam bending 
s t i f fness  of  a  nanotubes exceeds the highest  value found in  any 
other  current  avai lable  mater ia ls .   
 
 
 
Figure  12 :  TEM micrograph and computer  
s imula t ion  of  nanotube  buckl ing  [101] 
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Besides  their  exper imental  observat ions ,  I i j ima and his  co-
workers  [101]  examined behaviour  of  nanotubes under  
compression using molecular  dynamics s imulat ions.  They 
simulated the deformation propert ies  of  s ingle and mult i -
walled nanotubes bent  to  large angles .  Their  experimental  
results  showed that  the nanotubes are  remarkably f lexible .  The 
bending is  completely  revers ible  up to  angles  in  excess  of  
110°,  despite  the formation of  complex kink shapes.  In Figure 
12 their  numerical  and experimental  resul ts  are showed,  
demonstrat ing the exceptional  resi l ience of  carbon nanotubes 
at  large strain.  
Ru [102]  not iced that  actual  bending s t i f fness  of  s ingle-
walled nanotubes is  much lower than that  given by the elast ic  
e las t ic -continuum shel l  model  i f  the commonly defined 
representat ive thickness is  used.  Ru proposed the use of  an  
effect ive nanotubes bending s t i f fness  as  a  mater ial  parameter  
not  related to the representat ive thickness.  With the aid of  this  
concept ,  the elast ic  shel l  equat ions can be readi ly modif ied 
and then appl ied to  s ingle-walled nanotubes.  The 
computat ional  resul ts  based on this  concept  showed a good 
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agreement with the results  from molecular  dynamics 
simulat ions.  
Vaccarini  and his  co-workers  [103]  invest igated the  
inf luence of  nanotubes s t ructure   and chiral i ty  on the elast ic  
propert ies  in  tension,  bending and tors ion.  They found that  the 
chira l i ty  played a  smal l  inf luence on the nanotube tensi le  
modulus.  However ,  the chiral  tubes exhibi t  asymmetr ic  
tors ional  behaviour  wi th  respect  to  lef t  and r ight  twis t ,  
whereas  the armchair  and zig-zag tubes do not  exhibi t  this  
asymmetric  torsional  behaviour .  
A relat ive comprehensive invest igat ion of  the elast ic  
propert ies  of  s ingle-walled nanotubes was reported by Lu [98].  
In this  s tudy,  Lu adopted an empir ical  la t t ice-dynamics model 
[104] ,  which has  been successful ly  adopted in  calculat ing the  
phonon spectrum and elast ic  propert ies  of  graphite .  In this  
model ,  a tomic interact ions in  a  s ingle  carbon layer  are  
approximated by a  sum of  pai r -wise harmonic potent ia ls  
between atoms.  The local  s t ructure of  a  nanotubes layer  is  
constructed from conformal mapping of  a  graphite  sheet  on to 
a  cyl indrical  surface.  Lu et  a l .  [105]  a t tempted to  answer  such 
basic  quest ions as :  (a)  how do elas t ic  propert ies  of  nanotubes 
depend on the s tructural  detai ls ,  such as s ize and chiral i ty? 
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And (b) how do elast ic  propert ies  of  nanotubes compare with 
those of  graphite  and diamond Lu concluded that  the elast ic  
proper t ies  of  nanotubes  are  insensi t ive  to  s ize  and chiral i ty .  
The predicted Young’s  modulus (~1 TPa) ,  shear  modulus 
(~0.45 TPa) and bulk modul us  (~0.74 TPa)  are  comparable  to  
those of  diamond.  Hernandez et  a l .  [105]  performed s imilar  
calculat ions and found sl ightly higher values (~ 1.24 TPa) for  
the Young’s modulus of the tubes.  But unlike Lu,  they found 
that  the elast ic  moduli  are  sensi t ive to  both diameter  and 
structure.   
Besides  their  unique elast ic  propert ies ,  the inelast ic  
behaviour  of  nanotubes has also received considerable  
at tent ion.  Yakobson et  a l . [64,100]  examined the instabi l i ty  
behaviour  of  carbon nanotubes beyond l inear  response by us ing  
a  real is t ic  many-body Tersoff-Brenner  potent ia l  and molecular  
dynamics  s imulat ions .  Their  s imulat ions  showed that  carbon 
nanotubes,  when subjected to large deformations,  reversibly 
switch into different  morphological  pat terns .  Each shape 
change corresponds to  an abrupt  re lease  of  energy and a  
s ingular i ty  in  the  s t ress /s t ra in  curve.  These t ransformat ion are  
well  explained by a continuum shell  model .  With appropriately 
chosen parameters ,  their  model  provided a  very accurate  
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“rodmap” of  nanotubes behaviour  beyond the l inear  elast ic  
regime.  They also made molecular  dynamics s imulat ions to  
s ingle  and double-wal led nanotubes of  dif ferent  chiral i ty  and 
temperature [99].  Their  work showed that  nanotubes have an 
extremely large breaking s train (30-40%) and the breaking 
s t rain decreases  with temperature .  Yakobson [65]  a lso appl ied 
dislocat ion theory to carbon nanotubes for  describing their  
main routes  of  mechanical  re laxat ion under  tension.  They 
concluded that  the  yie ld  s t rength of  a  nanotubes  depends on i ts  
symme try and i t  was bel ieved that  there  exi t  an intra- molecular  
plast ic  f low.  Under  high s t ress ,  this  plast ic  f low corresponds 
to a  motion of  dis locat ions along hel ical  paths within the 
nanotubes  wal l  and causes  a  s tepwise  necking,  a  wel l  def ined 
new symmetry,  as  the  domains  of  d i f ferent  chira l  symmetry are  
formed.  As a  resul t ,  both the mechanical  and electronic  
propert ies  of  carbon nanotubes are  changed.  
The single-walled nanotubes produced by laser  ablat ion and 
arc-discharge techniques have a greater  tendency to  form ropes  
or  a l igned bundles  [69,77] ,  thus  theoret ical  s tudies  have been 
made to invest igate  the mechanical  propert ies  of  these bundles .  
Ru [106]  presented a  modif ied elas t ic-honeycomb model  to 
s tudy elast ic  buckl ing of  nanotubes ropes under  high pressure .  
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Ru gave a  s imple formula for  the cr i t ical  pressure as  a  funct ion 
of  nanotubes Young’s modulus and wall  thickness- to- radius  
ra t io .  I t  was concluded that  s ingle-wal led ropes  are  suscept ible  
to  e las t ic  buckl ing under  high pressure  and e las t ic  buckl ing is  
responsible for  the pressure- induced  abnormali t ies  of  
vibrat ion modes and electr ical  resis t ivi ty  of  s ingle-walled 
nanotubes.  
 
1.5 .2  Mul t i-wal led carbon nanotubes 
Multi -wal led nanotubes  are  composed of  a  number  of  
concentr ic  s igle-walled nanotubes held to gether  by relat ively 
weak van der Waals forces.  The multi - layered s tructure of  
these nanotubes fur ther  complicates  the model l ing of  their  
proper t ies .  
Rouff  and Lorents  [109]  der ived the tensi le  and bending 
st i ffness constants  of  ideal  mult i -walled nanotubes  in  te rms of  
the known elast ic  propert ies  of  graphi te .  I t  was suggested that  
unl ike the s trongly anisotropic thermal  expansion in 
conventional  carbon f ibers  and graphite ,  the thermal  expansion 
of  carbon nanotubes is  essent ial ly isotropic.  However,  the 
the rmal  conduct ivi ty  of  nanotubes  is  bel ieved to  be highly 
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anisotropic and i ts  magnitude along the axial  direct ion is  
perhaps higher  than that  of  any other  mater ial .   
Lu [110] also calculated the elast ic  propert ies  of  many 
multi -wal led nanotubes formed by s ingle- layer  tubes  wi th  
empir ical - la t t ice  dynamics model .  I t  was found that  e last ic  
propert ies  are insensi t ive to different  combinat ions of  
parameters ,  such as  chiral i ty ,  tube radius  and number of  
layers ,  and the elas t ic  propert ies  are  the same for  a l l  nanotubes  
with a  radius larger  than 1 nm. Inter layer  van der  Waals  
interact ion has a  negl igible  contr ibut ion to both the tensi le  and 
shear  s t i ffness.  
Govindjee and Sackman [110]  were the f i rs t  to  examine the 
use of  cont inuum mechanics  to  est imate the propert ies  of 
multi -wal led nanotubes.  They s tudied the val idi ty  of  the 
continuum approach by using Bernoull i -Euler bending to infer 
the Young’s  modulus.  They used a  s imple elast ic  sheet  model  
and showed that  a t  the nanotube scale  the assumptions of  
continuum mechanics  must  be  careful ly  respected in  order  to  
obtain  reasonable  resul ts .  They showed the expl ic i t  
dependence of  “material  propert ies” on system size when a 
cont inuum cross- sect ion assumption was used.  
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Ru [111] used the elast ic- shel l  model  to  s tudy the effect  of  
van der  Waals  forces  on the  axial  buckl ing of  a  double-walled 
carbon nanotube.  The invest igat ion showed that  the van der  
Waals  forces  do not  increase the cr i t ical  axial  buckl ing s t ra in 
of  a  double-wal led nanotube.  Ru [112,113]  thereaf ter  a lo  
proposed a  mult iple  column model  that  considers  the  inter layer  
radial  displacement  coupled through the van der  Waals  fores .  
This  model  was used to invest igate the effect  of  interlayer 
displacements  on column buckl ing.  They concluded that  the 
effect  of  in ter layer  displacements  could not  be neglected 
unless  the van der  Waals  forces are extremely strong.  
Kolmogorov and Crespi  [114]  s tudied the  in ter layer  
in teract ion in  two-walled nanotubes.  A regis t ry-dependent  
two-body graphi te  potent ia l  was developed.  They demonstra ted 
that  the t ightly constrained geometry of  a  mult i -wal led  
nanotubes could produce an extremely smooth sol id- solid 
interface wherein the corrugat ion against  s l iding does not  grow 
with system size.  Furthermore,  the energet ic  barr ier  to  
inter layer  s l iding in de fect- free nanotubes containing thousand 
of atoms can be comparable to that  of  a single unit  cel l  of  
crystal l ine graphite .  
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1.6 Nanotube -based composites 
The reported except ional  propert ies  of  nanotubes have 
pushed the researchers  to  invest igate  sper imental ly  the 
mechanics of  nanotubes-based composite  f i lms.  Uniform 
dispers ion within the polymer matr ix  and improved 
nanotubes/matr ix  wet t ing and adhesion are  cr i t ical  issues  in  
the  process ing of  these  nanocomposi tes .  In  the  work of  
Salvetat  e t  a l .  [90] ,  s l ipping of  nanotubes when they are 
assembled in  ropes s ignif icant ly affects  the elast ic  propert ies .  
In  addi t ion to  s l ipping of  tubes  that  are  not  bonded to  the  
matr ix of  a  composi te ,  the aggregates  of  the nanotubes ropes 
effect ively reduce the aspect  rat io ( length/diameter)  of  the 
reinforcement.  I t  is  however,  diff icul t  to  obtain a  uniform 
dis t r ibut ion in  the polymer matr ix .  Shaffer  and Windle  [115]   
processed carbon nanotubes/polyvynil- alchol  composi te  f i lms 
for  mechanical  character izat ion.  The tensi le  e las t ic  modulus  
and damping propert ies  of  the composi te  f i lms were assessed 
with dynamic mechanical  thermal analysis  (DMTA) as a  
funct ion of  nanotubes loading and temperature.  Using the 
theory developed for  short- f iber  composi tes ,  a  nanotubes 
elast ic  modulus of  150 MPa was obtained from experimental  
data .  This  value  is  wel l  below the  values  repor ted for  i sola ted 
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nanotubes.  This  discrepancy may be ei ther  a  consequence of  
imperfect ions in  the graphi te  layers  of  catalyt ical ly  grown 
nanotubes either related to a fundame ntal  diff icul ty in s tress  
t ransfer .   
Qian e t  a l .  [116]  character ized carbon-
nanotubes/polystyrene composi tes .  With only the addit ion of  
1% by weight  (about  0 .5% by volume) they achieved between 
36-42% increase in the elast ic  s t i f fness  and 25% increase in 
t he  tensi le  s t rength.  In  Figure13 i t  i s  reported a  TEM 
micrograph of  their  nanotubes f i lm showing the mechanism of 
f racture .  In  analogy with convent ional  f iber  composi tes ,  i t  can 
be seen nanotubes pull-out ,  nanotube fracture,  as  well  as  crack 
bridging by the  nanotubes .  They a lso  used shor t- f iber  
composite  theory to demonstrate  that  10% by weight  of  carbon 
f ibers  (about  5% by volume) in the research of  Tibbetts  and 
McHugh [117]  would be required to  achieve the  same increase  
in elast ic  modulus with 1 wt.% of  carbon nanotubes.   
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Figure   13 :  Frac ture  mechanisms in  nanotube - based composi tes  [1 1 6 ] 
 
Figure 13 shows signif icant  pul l-out  of  the nanotubes from 
the matr ix .  Beside the  re inforcement  in  s t i f fness  and s t rength 
of the composite,  to take full  advantage of t he except ional  
s t i f fness ,  s t rength and res i l ience of  carbon nanotubes  s t rong 
interfacia l  bonding is  cr i t ical .  J ia  and his  co-workers  [118]  
showed that  the  nanotubes can be ini t ia l ized by a  f re- radical  
ini t ia tor ,  AIBN (2,2’-azobisisobutyronitr i le) ,  to  open their  p  
bonds.  In their  s tudy of  carbon- nanotube/poly(metyl -
methacrylate)  (PMMA) composi tes ,  the possibi l i ty  exis ts  to  
fo rm C-C bond between the nanotube and matrix.  Gong et  al .  
[119]  invest igated surfactant-ass is ted processing of  nanotubes 
composi tes  wi th a  nonionic  surfactant .  Improved dispers ion 
and interfacial  bonding of  the nanotubes in  a  epoxy matr ix  
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resul ted in  a  30% increase  in  e las t ic  modulus  wi th  addi t ion of  
1 wt% nanotubes 
Lordi  and Yao [120] studied the molecular  mechanics of  
bonding in nanotubes-based composi tes .  In  their  work,  they 
used force- f ie ld based molecular-mechanics  calculat ions to  
determine the binding energy sl iding fr ict ional  s tresses 
between pris t ine carbon nanotubes and different  polymer 
matrices.  The binding energies and fr ict iona l  forces  were  
found to  play only a  minor  role  in  determining the  s t rength of  
the interface.  The key factor  in  forming a s trong bond at  the 
interface is  having a hel ical  conformation of  the polymer 
around the nanotubes.  They concluded that  the s t rength of  the  
interface may result  from molecular- level  entanglement  of  the 
two phases of  forced long- range ordering of  the polymer.   
Because the interact ion at  the nanotubes/matr ix  interface is  
cr i t ical  to understanding the mechanical  behaviour of  
nanotube-based  composi tes ,  a  number  of   researchers  have 
invest igated the  eff ic iency of  in terfacia l  s t ress  t ransfer .  
Wagner and his  co-workers  [121] examined stress- induced 
fragmentation of multi -walled carbon nanotubes in  polymer 
f i lms.  Their  nanotubes-containing f i lms had a  th ickness  of  
approximately 200 mm. The observed fragmentat ion 
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phenomenon was at t r ibuted to  e i ther  s t ress  resul t ing from 
cur ing of  the  polymer  or  tensi le  s t ress  generated by polymer  
deformation and t ransmit ted to  the  nanotube.  From est imated 
values of  nanotubes axial  normal  s t ress  and elast ic  modulus,  
Wagner  e t  a l .  concluded that  the  interfacial  shear  s t ress  is  on 
the  order  of  500 MPa and higher .  This  value,  i f  re l iable ,  i s  an 
order  of  magnitude higher  than the s t ress  t ransfer  abi l i ty  of  
current  advanced composi tes  and,  therefore ,  such inter faces  
are  more able  than other  the matr ix or  the nanotubes 
themselves to  sustain shear .   
Even with improved dispersion and adhesion,  micro-
mechanical  character izat ion of  these composi tes  is  dif f icul t  
because the dis tr ibut ion of  the nanotubes is  random. Thus ,  
at tempts have been made to al ign nanotubes in order to bet ter  
understand the reinforcement  mechanisms.  J in and his  co-
workers  [122] showed that  al igned nanotubes composites  could 
be obtained by stretching the composi te .  X- ray di f f ract ion was 
used to determine the orientat ion and the degree of  al ignment.  
Haggenmueller  et  al  [123] showed that  melt  spinning of  
singl -wal led nanotubes in  f ibers  can also be used to  create  a  
well - al igned nanotubes composite.  
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In addit ion to al ignment  of  carbon nanotubes,  researchers 
have at tempted to spin carbon f ibers from carbon nanotubes 
[124-126].  Andrews and his  co-workers  [125]  dispersed 5  wt .% 
single-wal led nanotubes  in  isotropic  petroleum pi tch.  
Compared to the isotropic petroleum fibers  without  nanotubes,  
the  tensi le  s t rength was improved by ~90%, the elast ic  
modulus by ~150% and the electr ical  conduct ivi ty  by~340%.  
Because the pi tch matr ix  is  isotropic ,  the elast ic  modulus is  
10-20 t imes less than that  of  mesophase pitch f ibers used in 
composi te  mater ials .  
Further  developments in this  area may potential ly involve 
the formation of  new form of  carbon f iber  with esceptional ly 
f lexibi l i ty  as  wel l  as  s t i f fness  and s t rength.  Figure  14 shows 
the except ional  f lexibi l i ty  of  the as- spun nanotube composi te  
f iber   broduced by Vigolo  e t  a l .   [126] .   
 
Figure  14:  Micrograph sho wing the  except ional  
f lex ib i l i t y  of  carbon nanotube - based  f iber  [126] 
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CHAPTER 2: Film blowing 
2.1 The process 
The blown f i lm extrusion (f i lm blowing) is  an important  
industr ia l  process  thin biaxial ly  or iented polymeric  f i lm.  This  
process basical ly consists  in extruding a tube of  molten 
thermoplast ic  polymer at  constant  mass f lowrate  and a  biaxial  
or ientat ion is  produced by internal  pressurizat ion,  by 
cont inuously  inf la t ing i t  to  several  t imes the   in i t ia l  d iameter ,  
and axial  drawing to  form a thin  tubular  product  that  can be 
used directly,  or sl i t  to form a flat  f i lm.  Ai r  j e ts  surrounding 
the bubble  provide cool  a i r .  
More in detai ls ,  polymer melt  is  thus extruded through an 
annular  s l i t  d ie ,  usual ly  ver t ical ly ,  to  form a thin  wal led tube.  
Air  is  introduced via  a  hole in  the centre  of  the die  to  blow up 
the tube l ike a  bal loon.  Mounted on top of  the die ,  a  high-
speed air  r ing blows onto the hot  f i lm to cool  i t .  The tube of  
f i lm then continues upwards,  continually cooling,  unti l  i t  
passes  through nip rol ls  where the tube is  f la t tened to create  
what  i s  known as  a  '  lay- f lat '  tube of  f i lm.  This  lay- f la t  or  
collapsed tube is  then taken back down the extrusion '  tower '  
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via  more rol lers .  On higher  output  l ines ,  the  a i r  ins ide the  
bubble  is  a lso exchanged.  This  is  known as  IBS (Internal  
Bubble Cooling) .   
The lay- flat  f i lm is  then ei ther kept  as  such or  the edges of  
the  lay- f lat  are s l i t  off  to  produce two f lat  f i lm sheets  and 
wound up onto reels .  If  kept  as  lay- flat ,  the tube of  f i lm is  
made into bags by seal ing across  the width of  f i lm and cut t ing 
or  perforat ing to make each bag.  This i s  done ei ther  in  l ine 
with the blown f i lm process or  at  a  la ter  s tage.   
 
 
 
 
 
 
 
Figure  15 :  Schemat ic  of  f i lm b lowing process  
Frost line 
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The drawdown between the melt  wall  thickness and the 
cooled f i lm thickness occurs in both radial  and longitudinal  
d i rec t ions  and  is  eas i ly  control led by changing the  volume of  
a i r  ins ide the  bubble  and by al ter ing the  haul  off  speed.  This  
gives blown fi lm a bet ter  balance of  propert ies  than tradi t ional  
cast  or  extruded f i lm which is  drawn down along the extrusion 
direction only.  Exte nsion of  the melt  in both the radial 
(“ t ransverse”)  and down-stream (“machine”)  direct ion s tops at  
the “freeze l ine ”  (frost  l ine)  due to the cooling air  which is  
blown outside del  bubble and determine the crystal l izat ion of  
the melt.  This  therminology ar ises from the loss of  
t ransparency due to the crystal l izat ion of  the polymer and not  
the presence of  any condensed moisture on the f i lm.  
Furthermore,  i t  is  not  a  t rue “l ine” but  a  narrow zone over 
which sol idif icat ion occurs .   In  fact ,  the sol idif icat ion occurs  
f i rs t  a t  the  cooled surface,  a t  the  mel t- sol id  in terface ,  and then 
moves away from this  surface  through the  th ickness  of  the 
f i lm as  i t  moves upwords,  as  shown in Figure 15.  The height  of  
the  f reeze  l ine  can be  control led  through the  a i r  f lowrate  such 
that  negl igible  deformation occurs  beyond the freeze l ine in  
most  process  [127,128] .  
The main advantages in using this  process are fol lows:  
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·  Produce tubing (both f la t  and gusset ted)  in  a  s ingle  
operat ion 
·   Regulat ion of  f i lm width and thichness by control  
of  the volume of  air  in  the bubble,  the output  of  the 
extruder and the speed of the haul -off   
·  Eliminate  end effects  such as  edge bead t r im and 
non uniform temperature that  can result  from flat  die 
f i lm extrusion  
·  capabil i ty  of  biaxial  or ientat ion (al lowing 
uniformity of  mechanical  propert ies)   
·  Very high productivi ty  
·  Permits  the combinat ion of  a  number of  different  
mater ia ls  and proper t ies   
Blown fi lm can be used ei ther  in tube form (e.g.  for  plast ic  
bags and sacks)  or  the tube can be s l i t  to  form a sheet .   
Typical  appl icat ions include Industry packaging (e .g .  shr ink 
f i lm, s tretch f i lm, bag f i lm or container  l iners) ,  Consumer 
packaging (e .g.  packaging f i lm for  f rozen products ,  shr ink f i lm 
for  t ransport  packaging,  food wrap f i lm,  packaging bags,  or  
form, f i l l  and seal  packaging f i lm),  Laminating f i lm (e.g.  
laminat ing of  a luminium or  paper  used for  packaging for  
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example milk or  coffee) ,  Barr ier  f i lm (e.g.  f i lm made of  raw 
mater ia ls  such as  polyamides and EVOH act ing as  an aroma or  
oxygen barr ier  used for  packagi ng food,  e .  g.  cold meats and 
cheese) ,  f i lms for  the  packaging of  medical  products ,  
Agricul tural  f i lm (e .g .  greenhouse f i lm,  crop forcing f i lm,  
s i lage f i lm,  s i lage s t re tch f i lm 
This  process  is  used extensively with polyolephines,  l ike 
polyethylene  and polypropylene .  In  some cases ,  these  
materials  do not  gel  together ,  so a  mult i - layer  f i lm would 
delaminate.  To overcome this ,  sma ll  layers  of  special  adhesive 
resins  are  used in between.  These are  known as  “ t ie  layers” .   
The f inal  f i lm dimensions  are  determined by a  number  of  
process  var iables  such as  the “blow up ra t io”  (BUR),  which is  
a rat io of the bubble radius a the freeze l ine  to the radius of  
the die ,  and the machine direct ion draw down rat io (DDR) ,  
which is  the  ra t io  of  veloci ty  a t  the  nip  rol lers  to  the  veloci ty  
of  the polymer melt  exi t ing the die .  Typical ly,  the expansion 
rat io between die and blown tube of  f i lm would be 1.5 to 4 
t imes the die diameter .  The sol idif ied f i lm is  f lat tened into a 
double- layered sheet  by the  nip  rol lers  forming an a lmost  
a i r t ight  seal  a t  the top of  the bubble .  After  the bubble  has  been 
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f lat tened by the nip rol lers  the f lat  f i lm is  reeled up under  
constant  tension ei ther  as  tubular  f i lm or  af ter  s l i t t ing into  
sheet  f i lm. The width of  the  f la t tened tube is  cal led the 
“layflat  width” and this  is  equal  to  p t imes the f inal  bubble 
radius .   
Rheological  proper t ies  play a  fundamental  role  in  f i lm 
blowing.  They govern the shape and the  s tabi l i ty  of  bubble  and 
the  onset  of  sharkskin (surface roughness) .  Because of  the  
complexi ty  of  the f lows involved,  i t  general ly  impossible  to  
es tabl ish s imple quant i ta t ive correlat ions between these 
phenomena and easy- measured rheological  propert ies .  
However,  an understanding of  how variat ions in the 
rheological  behaviour of  melts  can affect  the process and the 
proper t ies  of  blow n f i lms is  essent ia l  to  achieve opt imum 
resul ts  f rom this  process .   
The object ive of  the f i lm blowing process  is  to  produce a  
thin fi lm having a uniform gauge  and good opt ical  and 
mechanical  propert ies .  Since the f i lm is  qui te  thin,  i t  is  
especial ly  important  to  avoid the  presence in  the  extrudate  of  
unmelted material ,  gels  or  foreign matter ,  as  these wil l  be 
readi ly  vis ible  in  the f inal  product.  I  order  to  achieve good 
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mechanical  propert ies  i t  i s  of ten advantageous,  par t icular ly  in  
the case of packaging fi lms,  to have molecoular  orientat ion in 
the f i lm that  is  as  much as  possible  “balanced” in the machine 
and t ransverse  direct ions.  
Ult imate f i lm propert ies  are  control led by molecular  
or ientat ion and s t ress  induced crystal l isat ion [129] .  
A s table  bubble  in  the f i lm blowing process is  a  requirement 
for  the  cont inuous operat ion of  the  process  and the  product ion 
of  an acceptable  f i lm [130] .  In  general  there  are  three  forms of  
instabi l i t ies  or  combinat ions of  these reported in l i terature.  
These are  as  fol lows:  
 
1 .  Axisymmetric  periodic variat ions of  the bubble diameter ,  
known as  bubble instabi l i ty  (BI) .  
2.  Helical  motions of  the bubble,  described as hel ical  
instabi l i ty  (HI) .  
3 .  Variat ions in the posi t ion of  the frost  l ine height  (FLHI).  
 
BI and HI have been reported by a  number of  researchers  
[131–135] ,  however ,  FLHI was only recent ly  reported by 
Ghaneh-Fard e t  a l .  [131,135] ,  af ter  previous authors  were  
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using the term “meta s table” [128]  which was misleading for  
time -dependent  osci l la t ions in  FLH. Resul ts  on bubble 
s tabi l i ty  have general ly been qual i tat ive unt i l  recently when 
Sweeney et  al .  [136]  ut i l ised a video analysis  system as an 
effect ive non-contact ,  real  t ime device for  quant i fying 
instabi l i t ies  during f i lm blowing.  Sweeney and his  co-workers  
a l .  [136]  f i r s t proposed the  diameter  range (Dr )  concept  for  
measuring the degree of  hel ical  instabi l i ty.  
The average diameter ,   D ,  and the degree of  hel ical  
instabi l i ty  (DHI) are  then derived from the  fol lowing 
equat ions:  
 rPPD -= 1          (2 .1 .1)  
D max = P l ,max .  Pr , min,               (2 .1 .2)  
D min = P l ,min .  Pr ,max,       (2 .1 .3)  
Dr  = Dmax .  D min,        (2 .1 .4)  
100´=
D
Dr
DHI         (2 .1 .5)  
where  D  is  the average diameter  of  the bubble and P  the 
average dis tance of  the bubble from a reference l ine,  as  shown 
in  Figure  16,  where  a  typical  bubble  for  a  s table  PP is  shown.  
The subscript  r  denotes the distance of  the r ight  bubble edge 
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and l  the distance of  the lef t  bubble edge from the reference 
l ine .  The bubble  was def ined as  s table  i f  the  DHI was less  than 
20%, part ia l ly  hel ical ly s table  i f  the DHI was between 20 and 
40% and hel ical ly  unstable  i f  the DHI was greater  than 40%. 
The analysis  of  bubble s tabi l i ty in f i lm blowing has largely 
focused on PEs (HDPE, LLDPE and LDPE),  mainly due to 
their  superior  melt  s t rength in comparison to other  polymers 
such as  PP.  Only recent ly have resul ts  been reported on the 
bubble stabil i ty of  PP [135] .  Ghaneh-Fard e t  a l .  [135]  studied 
the bubble s tabi l i ty  of  PP and found PP to have a  much smaller  
s table operat ing window in comparison to PEs.  
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Figure 16 :  Typical  bubble  shape observed for  a  
s table  PP bubble  
 
 
 
 
2.2 .  Governing equations of f i lm blowing 
Pearson and Petr ie  [137,138] f i rs t  developed in detai l  the 
k inemat ic  and dynamic equat ions  descr ibing f luid  f low in  f i lm 
blowing.  This  was based on the thin shell  theory where the 
thickness  of  the bubble  was smal l  in  comparison to  the  bubble  
diameter .  The kinematic  and dynamic analysis  of  the bubble is  
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discussed below and has  provided the theoret ical  f ramework 
for  most  subsequent  s tudies.  
For  the cont inuous s teady s ta te  operat ion of  an 
incompressible  f luid ,  the  law of  conservat ion of  mass  a t  any  
point  a long the bubble  yields  the fol lowing relat ionship for  
volumetric  throughput:  
 
Q = 2paHvs  = constant,       (2 .2 .1)  
 
where  vs  is  the meridional  velocity,  Q the total  volumetr ic  
f low rate through the die,  a the local  bubble radius and H the  
local  f i lm thickness.  Since the problem is  axisymmetric ,  vt 
(veloci ty in  the t ransverse direct ion)  is  zero and vn (velocity 
in the normal  direct ion)  is  not  exact ly zero s ince the f i lm is  
changing thickness ,  but  is  negl igible ,  s imilar  to  f ibre  spinning 
and lubricat ing f lows.  
The derivat ive of  Eq .  (2 .2 .1)  with respect  to ,  s ,  the  dis tance 
along the fi lm yields  a  relat ion between the deformation rates  
in f i lm blowing:  
 
ds
dav
ads
dHv
Hds
dv
ss
s 11 --=      (2 .2 .2 )  
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The left- hand s ide  represents  the  ra te  of  s t re tching a long the  
f i lm,  while  the two terms on the r ight-hand  
s ide are ,  respect ively,  the negat ives of  the s t re tch ra te  in  the  
thickness  (n )  and tangent ia l  direct ions ( t ) .  
The rate  of  s t retching in each direct ion is  a  funct ion of  
measurable  quant i t ies .  
 
The equil ibr ium force balance in the normal direct ion yields 
 
 
t
t
s
s
H
P
r
s
r
s
+=D          (2 .2 .3a)  
 
 
 
whe re  s s  and s t  are  the extensional  s t resses  in  the 
meridional ,  s ,  and transverse,  t ,  direct ion,  respect ively;  
DP the internal  pressure  measured rela t ive to  the external  
(atmospheric)  pressure;  and ?s ,  ?t  the principal  
radi i  of  curvature  in  the two direct ions .  It  can be shown by 
simple different ial  geometry that :  
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]+ [1
= 2
232
za/d
(da/dz)  
 
2
/
s d
r         (2 .2 .3b)  
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è
æ+ 1=
dz
da
r         (2 .2 .3c)  
 
A force balance in the direct ion of  the axis  of  symmetry,  z ,  
y ie lds  
 
F z  =-DPpa 2  + 2paHs s  cos  ?,      (2 .2 .4)  
 
where  F i s  the applied tension at  z  = XF ,  and  
 
2/12
dz
a  cos
-
ú
ú
û
ù
ê
ê
ë
é
÷
ø
ö
ç
è
æ+ 1= dq        (2 .2 .5)  
 
In the analysis  of  Pearson and Petr ie  [137,138] inert ia,  
gravi ty ,  surface tension and ai r  drag effects  are  neglected.  
These are  general ly  real is t ic  assumptions due to  the thin f i lm 
bubble membrane and the viscous forces dominating the 
process for  polymer melts .  The governing equations can be 
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easi ly extended to include these effects  by incorporat ing 
appropriate  physical  data .  
These equat ions combined with a  rheological  const i tut ive 
equation,  relat ing the stresses to the strains or  s train rates in 
the bubble,  resul t  in  a  series  of  equations which are solved to 
yield predict ions for  var ious f i lm blowing process  
character is t ics  ( f i lm temperature,  bubble radius and veloci ty 
prof i les) .  
PART II  
 
EXPERIMENTAL 
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CHAPTER 3: 
Experimental parameters and devices 
3.1 Polypropilene material ,  carbon nanotubes and 
composite preparation  
The base mater ial  was PP Moplen (HP502H) suppl ied  by  
Basel l .   The carbon nanotubes (MWNT’s)  adopted as  f i l lers  
w ere contained in  granulates   polypropi lene pre-compounded 
with 20% by weight  of  carbon nanotubes (masterbatch)  
suppl ied by Hyperion Catalysis  Internat ional ,  Inc.  According 
to  the  suppl ier ,  the  MWNTs were produced by chemical  vapour  
deposit ion (CVD) and have diameter  of  approximately 10nm 
while  the length is  a t  least  10 nm af ter  the product ion with 
CVD such that  the aspect  ra t io  is  about  1000.  The 
masterbatches were melt- mixed through a HAAKE double 
screw contro- rotat ing extruder with pure PP at  200-220°C in  
order  to  obta in   d i lu ted PP/CNT composi tes  wi th   respect ively  
1,  3,  5  and 10% of weight  composit ion of  CNTs.   Mixing was 
performed at  a  rota t ional  speed of  30 rpm and a  throughput  of  
0,5 kg/h using the premixted granulates .  At  the exi t  of  the 
INFLUENCE OF CARBON NANOTUBES ON THE PROPERTIES OF FILMS OF POLYPROPILENE PREPARED 
BY FILM BLOWING - E x p e r i m e n t a l  p a r a m e t e r s  a n d  d e v i c e s  
 
 65 
extruder the  mater ia l  was then granulated and in  par t  adopted 
to build the suitable test  samples and in part  forworded to the 
blown extrusion.   
 
3.2 Differential  Scan Calorimeter (DSC) 
The DSC were performed with the a  TA Instruments  
device.  The samples of  about  12 mg were  heated f rom   –20°  to  
250°C  at  ramp rate of 10°C/min and held for 10 min in order 
to el iminate any thermal history of  the material .  Subsequently,  
the  samples  cooled to  –20°C wi th  the  same scan ra te .  In  order  
to  observe the melt ing peak temperature af ter  the  
crystal l izat ion,  the samples were then heated to 250°C.  
3.3 Thermogravimetic Analysis (TGA)  
The thermogravimetr ic  analysis  (TGA) was conducted on 
a  Du Pont  Instruments  device in  the range of  temperature 
30÷600°C with a ramp rate of  10°C/min.  
3.4  Rheological characterization 
The rheological  analysis  was conducted with ARES 
Rheometric  Instruments,  model  LN2,  at  220°C in ni t rogen 
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atmosphere and run with 25 mm paral lel-plate geometry and 1 
mm sample gap.   The dynamic viscoels t ic  proper t ies  were  
de t e rmined using low strain values (1 %) with frequency range 
from 0.1 to  100 rad/s ,  which were within the l inear  
viscoelast ica  region for  these mater ia ls .  
For  the preparat ion of  the sui table  samples ,  the mater ials  
were dried for 12 h at  60°C and molten for 12 min under  
vacuum at  a  temperature of  220°C,  in  a  Coll in  P300P press ,  
pressed for  20 min and then quenched to ambient  temperature.  
3.5 Mechanical  and dynamic mechanical  tests  
Tensi le  tes ts  were  conducted e i ther  on pla te  samples  e i ther  on 
blowed f i lm samples.   
Blown f i lm samples were prepared by cut t ing the f i lms  with a  
razor  blade with a  rectangular  samples  of  approximate planar  
dimensions of  25x4 mm2.  On blown f i lms samples  tensi le  tes ts  
were conducted ei ther  in  the BD ei ther  in  the TD to analyze 
the influe nce of  the biaxial  orientat ion in the PP/CNT fi lms on 
the bie longat ional  proper t ies .  Al l  the  tensi le  exper iments  were 
carr ied out  at  ambient  temperature at  a  s train rate  of  50 
mm/min.  At  leas t  f ive  samples  were  tes ted for  each type of  
mater ia l .   
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The plate sample were obtained by  heat ing the 
granulates  at  220°C in a  COLLIN press ,  model  P300P ,  holding 
for  3  min and then pressed at  10 bar  for  1  min before being 
cooled between two cooled metal  blocks.   Afterwords,  sui table  
samples  for  tensi le  tes t ing were cut according to  the  s tandard 
ASTM D 638-03,  type IV.   At  least  f ive samples were tested 
for  each type of  mater ial .  
 Dynamic mechanical  analysis  was carr ied out  wi th  a  
Tri ton Technology device,  model  TRITEC 2000 DMA.  
Temperature  scan were conducted at  a t  1  and 10H in the range 
–30÷110°C ,  with dynamic displacement  of  0 .05%.   
Frequency/ temperature  scan tes ts  were also performed in 
the range 0.01÷35 Hz and 20÷80°C, with 1 N stat ic  load,  
0.05% dynamic strain and a heat ing rate  of  5°C/min.  1mm of 
ini t ia l  sample lengths was used for  this  type of  test ing.   
In both type of  DMA experimnts ,  sui table test ing 
samples were obtained from the pressed composites  plates  by 
cut t ing rectangular  sect ion cylynders  of  20x7x0.7 mm 
dimension.   
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3.6 Morphological analysis  
A Leica 420 scanning electron microscope (SEM) was used to 
character ize the composi tes .  Samples taken direct ly from the 
masterbatch the composi te  granulates  were obtained by cut t ing 
with a  razor  blade to cause fracture.  SEM images were 
captured on the surface of  the fractured region.   
The surface of  composi te  f i lms,  instead,  were more 
eff ic ient ly  analyze through a  Leica AZ16 APO optical  
microscopy (OM) .   
 
3.7 Film preparation 
As descr ibed upwords ,  the  le t  downs of  the  
masterbatches were obtained by melt- mixing with pure PP at  
different  weight  composi t ion.   
The extruded s t rands  were  then pel le t ized and re-
extruded in a COLLIN single  screw extruder  which is  coupled 
with the machine COLLIN TEACH LINE BL50T to  prepare  
blown f i lms of   PP/CNT at  different  concentrat ion.   
The most  important  specif icat ions concerning the mel t-
mixing and the blown f i lm extrut ion are  l is ted in  Table 1.  
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The melt  temperature was kept   at  220°C and the 
throughput  a t  2  kg/h (45 rpm).  The air  pressure in  the bubble 
was controlled in a way that  the  blow -up rat io,  defined as 
BUR=R/r 0  were R is  the  radius  of  the  blown- up bubble ,  r0 tha t  
of  the anular  die ,  was adjusted to  the value of  2 .  
The take - up rat io,  defined as TUR=vT /v 0  where  vT  i s  the  
speed of the take -up device,   v 0 the veloci ty  of  the melt  exi t ing  
the die ,  was mantained constant  to  40.   
The frost  l ine of  the melt  was set  to  a  height  of  7  cm above 
the die  out let  by a  corresponding adjustment  of  the cooling 
system.  
 
 
Table 1 : Processing parameters and abbreviations for extrusion and blown extrusion 
 
 
 
Extrusion Blown extrusion 
Sample wt % 
CNT T profile      [°C] 
Rot 
speed 
[rpm] 
Ddie  
[mm] 
T  profile   
[°C] 
Rot 
speed 
[rpm] 
Dint die  
[mm] 
Dest die  
[mm] 
PP 0 210-210-220-220-
220-220-220-220-220 
30 1 210-220-
220-220 
45 28 30 
PP1 1 
210-210-220-220-
220-220-220-220-220 
30 1 210-220-
220-220 
45 28 30 
PP3 3 
210-210-220-220-
220-220-220-220-220 
30 1 210-220-
220-220 
45 28 30 
PP5 5 
210-210-220-220-
220-220-220-220-220 
30 1 210-220-
220-220 
45 28 30 
PP10 10 
210-210-220-220-
220-220-220-220-220 
30 1 210-220-
220-220 
45 28 30 
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The homogenei ty of  the thickness  of  the f i lm were 
quanti ta t ively measured by cut t ing a  1m long f i lm for  al l  
mater ials  and measuring the thickness on at  least  f ive posi t ions 
every  20cm. The bubble s tabi l i ty was instead assessed 
visually.  
In  Table 2 the measured thickness  and diameter  with relat ive 
s tandard devia t ion a long with  the  assessments  of  the  bubble  
s tabi l i ty  are reported for  PP and composi te  f i lms.   
 
 
T a b l e  2:  average th ickness  and diameter  of  PP and 
PP/CNT composi te  f i lms  
 
 
 
 
Sample d [mm] s [mm] Stability 
PP 147 0.4 good 
PP1% 142 0.5 good 
PP3% 148 0.3 good 
PP5% 139 0.4 good 
PP10% 133 0.6 good 
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CHAPTER 4:Results and discussion 
 
4.1 Chemical-physical analysis (DSC, TGA)  
The effects  of  CNTs on the  crysta l l iza t ion of  PP are  analyzed by 
non- isothermal DSC experiments .  In Figure 17 a comparison of the  
dynamic thermograms obtained on pure PP and CNTs/PP composi tes  i s  
reported.   Also,  the crystal l izat ion peak (Tc) ,  the apparent  melt ing 
temperature  of  crysta l l ized samples  (Tm) and the  glass  t ransi t ion 
temperature  (Tg)  as  wel l  as  crysta l l izat ion enthalpy (D H) as  a  funct ion  
of  weight  CNT content  are  reported in  Figures  18-21.  
I t  can be not iced that  when cooled at  10°/min,  the pure 
polypropylene crystal l ized at  110°C,  while  the crystal l izat ion in  1  
wt .% CNTs/PP composi tes  occurred a t  125°C.  The addi t ion  of  CN T  
content  higher  than 3 w t% st i l l  affect  the Tc that  increases almost  
l inearly with CNT wt content .   
A relevant  effect  is  vis ible  on the melt ing temperature ( f rom 
~150° to 155°C) for  the addit ion of  carbon nanotubes in the PP matrix  
and the glass  t ransi tion temperature  increases  almost  l inear ly with 
wt .% of  CNT of  a lmost  10°C from ~ -22°C of  the  pure  PP to   -12°C   
for  the PP/masterbatch.  
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Figure   17 :  DSC thermograms of  pure  PP and  PP/CNT composi tes  
 
Figure 16 shows that  both the melt ing and crystal l izat i on peaks  
in  PP/CNT composi tes  are  narrower  then the  pure  PP and the  fu l l  
width at  half  maximum of crystal l izat ion peaks for  PP is  greater  than 
that  of   PP/CNTs.  Narrower crystal l izat ion and melt ing peak suggest  a  
narrower crystal l i te  s ize  dis t r ibut ion in  t he  CNT/PP composi te  as  
compared to pure PP.  
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Figure  18 :  Mel t ing  and  crys ta l l iza t ion  hea t  f low as  a  func t ion  of  wt .% CNT 
 
Higher  thermal  conduct ivi ty  of  the  carbon nanotubes  with  
respect  to  that  of  the  polymer ,  a t  leas t  in  par t  may jus t i fy  the  sharper  
crystal l izat ion and melt ing peaks,  as  heat  distr ibution wil l  be more 
uniform inside the samples containing the carbon nanotubes.  
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Figure  19 :  Tg  var ia t ion  aga ins t  wt .% CNT 
 
The observed dynamic crysta l l izat ion behaviour  shows the  
posi t ive effects  of  nanotubes on crystal l izat ion kinet ics  of  PP.  In 
par t icular ,  Figure  19 conf i rm that  the  addi t ion of  CNTs in  the  polymer  
matr ix  produces  an increase in  the  crysta l l izat ion temperature .  The 
relat ive shif t  of  the Tc is  the evident  at  the lowest  reinforcement 
content  wi th  a  s low but  cont inuous fur ther  increase  with  CNTs 
content .  These resul ts  confirm that  the addit ion of  a  low concentrat ion 
of  nanotubes enhances the nucleat ion process  on PP crystal l izat ion.  
Crystals  withi n the polymer wil l  increase selected mechanical  
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proper t ies  but  i t  i s  more important  to  have or ientat ion in  combinat ion 
with crystal l izat ion.  
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Figure  20 :  Tc  var ia t ion  agains t  wt .% C N T 
 
The decrease of  DH with increasing the nanotubes content  can be 
direct ly at t r ibuted  to  the proport ional  reduct ion of  PP concentrat ion 
in the composites .  Furthermore,  no signif icant  changes in the melt ing 
point  of  PP phase are  detected in the composi tes .  
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Figure  21 :  Tm  var ia t ion  agains t  wt .% C N T 
 
 
The effect  of  CNT on the thermogravimetr ic  behavior  of  PP were 
analyzed through TGA exper iments .  The comparison of  weight  loss  % 
for  the PP/CNTs composi tes  as  a  funct ion of  temperature  is  reported in  
Figure 22.  These resul ts  show that  PP degradates  with a  s ingle  narrow 
degradat ion stage at  around 355°C. This  s tage corresponds to he 
thermal  degradat ion of  PP in i t ia ted  pr imari ly  by thermal  sc iss ions  of  
C-C chain bonds accompained by a  t ransfer  of  hydrogen at  the  s i t e  o f  
sciss ion […].   The resul ts  of  the PP/MWNT samples also show single 
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degradat ion s tage,  but  the  temperatures  a t  s ign change are  about  50°C 
higher than that  of  PP,  ranging from ~355°C for  PP up to ~415°C for  
PP10%. This  increase in  the  degradat io n temperature  is  an indicat ion  
of  an improvement  in  the thermal  s tabi l i ty  of  PP.  Three are  the main 
reasons to  just i fy  this  behaviour  in  the thermal  s tabi l i ty:  (1)  the 
uniformly dispersed carbon nanotubes presumably provided thermo -
oxidat ive s tabi l i ty in the vicini ty of  the tube surface;  (2)  the enhanced 
thermal  conductivi ty of  the composi te  can faci l i ta te  heat  t ransport  and 
thus increase i ts  thermal  s tabi l i ty  […];  (3)  l ike ful lerene (C6 0) ,  carbon 
nanotubes possibly can lead to the formation and stabi l ization of  the 
CNT_bonded macroradicals  […].  
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Figure  22 :  TGA weight  loss  % versus  tempera ture  for  PP and PP/CNT composi tes  
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The residual  weight  percent  in  the TGA study of  PP/CNTs 
composi tes  reported in  Figure  24 above 500°C should represents  the  
weight  of the CNTs.  Discrepancies from the theoret ical  l ine may be 
ascr ibed to  the possible  presence of  impuri t ies  in  the carbon 
nanotubes.  In  the case of  our  mater ia ls ,  d iscrete  agreement  with the 
l inear  previs ion of  the  res idual  % (R=0.97095)  indicates  acceptable  
level  of  puri ty of  the adopted carbon nanotubes.   
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Figure 23:  Va r i a t ion  of  degrada t ion  tempera ture  Td  agains t  wt .% C N T 
 
INFLUENCE OF CARBON NANOTUBES ON THE PROPERTIES OF FILMS OF POLYPROPILENE PREPARED BY FILM 
BLOWING-Results and discussion 
 79 
80
85
90
95
100
0 5 10 15 20 25
Weight Loss % at 600°C
y = 98,629 - 0,87039x   R= 0,97095 
W
ei
gh
t L
os
s 
%
 
wt.% CNT
 
Figure  24 :  Weight  loss  % a t  600°C aga ins t  wt .% CNT 
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4.2 Mechanical and dynamic -mechanical  
characterization   
Carbon nanotubes can be assumed as ul t imate carbon f ibers .  
The mechanical  propert ies  of  nanotubes (s trength,  s t i ffness)  is  
expected to approach that  of  ideal  carbon f iber ,  which has the 
perfect  orientat ion of  defect- free grapheme layers  along the 
f iber  axis .  Theoret ical  predict ions on s ingle-walled nanotubes 
(SWNTs) suggest  that  the Young’s modulus should be close to 
that  of  the inplane elast ic  modulus of  graphite (1060 GPa) and 
the  value of  tensi le  s trength would be ~200 GPa.   For  mult i -
wal led nanotubes  (MWNTs) ,  the  s t rength wi l l  be  l imited by 
the ease with which individual  graphene cyl inders  s l ide with 
respect  to  each other .  Exper imental  measurements  on 
individual  MWNTs suggest  values for  Young’s  modul u s  
around 1000 GPa,  which corresponds to  one of  the  s t i f fes t   
materials  known.  
Thanks to their  high aspect  rat io ,  high modulus and 
s t rength,  nanotubes are  promising f i l lers  in  polymer 
composi tes .  I f  load can be effect ively t ransferred then the 
modulus of the composite  should be similar  to that  of  
randomly or iented short  f iber  composi te  containing f ibers  of  
extremely high  modulus and strength.  In addit ion,  the high 
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surface area  of  nanotubes  creates  a  large interfacia l  region 
which can have propert ies diffe rent  from the bulk matrix.  
There  is ,  infact ,  a  bound polymer  layer  of  low mobi l i ty ,  in  
nanopart iculate  polymer composi tes .  
Load transfer  depends on the interfacial  shear  s tress  
between the f iber  and the matr ix.  A high interfacial  shear  
s t ress  wil l  t ransfer  the applied load to the f iber  over  a  short  
dis tance and a  low interfacial  shear  s t ress  wil l  require  a  long 
distance.  Three are the main mechanisms of load transfer  from 
a matr ix to  a  f i l ler .  The f i rs t  is  micromechanical  inter locking:  
this  could be dif f icul t  in  nanotubes composi tes  due to  their  
a tomical ly  smooth surface.  The second is  chemical  bonding 
between the nanotubes and matr ix.  The third mechanism is  a  
weak van der  Waals bonding between the f iber  and the matrix.  
In order to assess the success of nano tubes as  f i l lers ,  a  key 
issue is  represented by the load t ransfer .  This  la t ter  presents  
resul ts  which highl ight  the pecul iar i t ies  of  nanotubes system 
when used as  mechanical  reinforcement  in polymer composite .  
In the present  s tudy,  the tensi le  propert ies  of PP/CNT 
composi tes  were invest igated through quasi- s tat ic  tensi le  
tests .  In part icular ,  tensi le  tests  were performed eiher  on 
sui table composi te  sample plates  ei ther  on f i lm samples,  in  
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order  to analyze the effect  of  moelecular  and/or  carbon  
nanotube orientat ion on the mechanical  propert ies  of  PP.   
The resul ts  of  the tensi le  tests  in terms of  Young’s modulus,  
yield s t ress  and s t rain of  the plates  and f i lms with the 
respect ive s tandard deviat ions,  corresponding to an average of  
at  least  f ive samples tested for  each type of  f i lms and plates ,  
are  reported respect ively in  Tables  3.  In the next  paragraphs 
the mechanical  propert ies  resul ted from these tes ts  are  
discussed for  the two respect ive cases of  composite  f i lms and 
pla tes .   
 
T a b l e  3 :  Mechanical  proper t ies  of  composi te  f i lms  and  p la tes  
 
Sample 
plates 
wt %  
CNT 
Young’s Modulus, E 
[MPa] 
Tensile strength at yield, 
sy 
[MPa] 
Percent elongation 
at break,  eb 
[mm] 
Energy per unit 
volume, W 
[J/mm 3] 
PP 0 490.5± 0.21 30.3± 0.62 4.60± 0.60 80.400 
PP1 1 937.4± 0.45 33.2± 0.72 0.22± 0.43 6.3100 
PP3 3 1006.7± 0.56 34.0± 0.59 0.20± 0.96 5.5500 
PP5 5 1247.7± 0.73 36.8± 0.48 0.180± 0.59 6.0600 
PP10 10 1113.8± 0.30 26.3± 0.20 0.030± 0.49 0.5670 
Sample 
films   
PPTD 0 83.1 ± 0.28 1.74 ± 0.41 1.97 ± 0.13 2.86 
PP1TD 1 73.5 ± 0.16 1.56± 0.12 1.29 ± 0.31 1.76 
PP3TD 3 87.3 ± 0.14 1.80 ± 0.19 0.21 ± 0.39 0.32 
PP5TD 5 239.5 ± 0.39 3.87 ± 0.26 0.12 ± 0.42 0.38 
PP10TD 10 95.6 ± 0.10 1.49 ± 0.10 0.10 ± 0.28 0.14 
PPBD 0 55.2 ± 0.23 1.29 ± 0.21 0.09 ± 0.37 0.09 
PP1BD 1 42.2 ± 0.32 0.87 ± 0.35 0.32 ± 0.23 0.40 
PP3BD 3 123.1 ± 0.16 4.73 ± 0.26 0.06 ± 0.17 0.23 
PP5BD 5 114.0 ± 0.18 3.46 ± 0.22 0.04 ± 0.26 0.11 
PP10BD 10 93.0 ± 0.20 1.59 ± 0.18 0.06 ± 0.22 0.08 
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 4.2.1 Mechanical  propert ies  of  plates  
In Figure 25 the average stress - strain curves of  at  least  f ive 
samples for  each type of  prepared composi te  plates  is  showed.  
In Figures 26-28 the increment relat ive to PP of Young’s 
modulus  E and yie ld  s t ress  sy  as  well  as  the energy per unit  
volume W of  the composi te  plates  are  reported as a function of 
the weight  fract ion percent  of  CNT. The value of  the Young’s 
modulus is  very useful  because i t  is  an intr insic  material  
property,  i t  is  direct ly related to the crystal l ini ty and bond 
orientat ion of  the molecules  and/or  the f i l ler  and i f  those  
s t ructural  propert ies  are  increased,  so must  do the modulus.  
The s trengths shown by each mater ial  are  extr insic  propert ies  
that  depend only on the weakest  part  of  the material  during the 
e longat ional  s t ress .  As can be  observed,  the  addi t ion of  CNT 
determines  a  re levant  increment  of  the  r igidi ty  and a  s l ight  
increment  of  the  ul t imate  proper t ies  (yie ld  s t rength)  a long with  
a  detr iment  of  the duct i l i ty  of  the material .  
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Figure 25: Typical averaged stress-strain curves of PP and PP/CNT composites.  
 
In part icular ,  the mechanical  tests  performed on the plates  
showed that  even by adding 1  % of  CNT a  s t rong increment  of  
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the Young Modulus of  almost  90% occours with respect  of  the 
pure PP.  Higher concentrat ion of  CNT further  increase the 
s t i f fness  of  the composi te  reaching an remarkable  increment  
for  5  and 10wt% of  CNT (113 and 127%).  On the  other  hand,  
the addit ion of  CNT also determine a  detr iment  of  the duct i l i ty  
of  polymer which can be deduced by observat ion of  Fi gure  26 
in which the increment  relat ive of  the area under  the s t ress-
s t ra in  curve is  reported aginst  the  wt% of  CNT. This  a rea  
represents  the energy per  uni t  volume diss ipated by the sample 
dur ing the  deformat ion and is  indicat ive  of  the  work to  fa i lure  
and thus the fracture toughness of  the mater ial .  
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Figure 26: Increment relative to PP of Young’s modulus E against wt.% CNT for 
PP/CNT composite plates 
 
I t  can be noticed that  the addit ion of  CNT in the polymer 
matr ix  determines a  detr iment of  the toughness of  the material  
for  any value of  CNT content  indicat ing that  the material  has 
became much more r igid but ,  on the other  hand,  more fragi le .  
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Figure 27: Increment relative to PP of strength at yield against wt.% CNT for 
PP/CNT composite plates 
 
The remarkble improvement of  the Young’s modulus 
occurred a t  even 1 wt% may be re la ted to  the  possible  presence 
of  a  network s t ructure  (percolat ion)  of  the CNT. Percolat ion 
means that  a t  least  one pathway of  connected nanotubes  exis ts  
in  the  sample  which ( in  case  of  conduct ive  f i l lers  a l lows to  
f low of  charge through the sample) .   
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Figure 28: Increment relative to PP of energy per unit volume against wt.% CNT 
for PP/CNT composite plates 
 
Furthermore,  when the concentrat ion of  CNT  reaches too 
high levels ,  there  might  happen an agglomerat ion which exer ts  
a  s ignif icant  weakening effect  to  the  re inforced composi tes .  
This  effect  is  l ikely to  be due to  the high shear  s t ress  occurr ing 
during the melt mixi ng as a consequence of  the very high 
viscosi ty of  the composi te  which might  provoke the formation 
of  low molecular  weight  molecules inside the composi tes  and a 
subsequent ial ly  weakening effect  on the mechanical  propert ies .  
.   
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Feng et  al .  [146] studied the const i tut ive relat ion and fai lure 
behaviors  of  carbon nanotube- reinforced composi tes  using  
methods of  micromechanics  and nanomechanics .  They f i rs t  
examined the factors  that  inf luence the overal l  mechanical  
propert ies  of  carbon nanotube composi tes ,  includi ng the weak 
bonding between carbon nanotubes and matr ix ,  the curviness  
and agglomerat ion of  carbon nanotubes and second establ ished 
a  hybrid cont inuum/micromechanics/atomist ic  method to 
invest igate  the defect  nucleat ion and fracture behaviours  of  
CNTs in polymers .   
Three are the main effects  on the s t i ffening mechanisms of  
carbon nanotubes:  the waviness  effect ,  the agglomerat ion effect  
and the interface effect .   
With regarding to the waviness effect ,  because CNTs have 
very  low bending s t i f fness  due  to  the  smal l  tube diameter  (~  1  
nm),  most  CNTs in composites exist  in a curved state.  Feng et  
a l .  [146]  presented a  theoret ical  model  to  examine the waviness  
effect  of  curved CNTs on the elast ic  propert ies  of  CNT-
reinforced composi tes .  They observed that  the modul us  of  
carbon nanotubes composi tes  decreases  rapidly as  waviness  
increases .  
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  As a lso discussed in  the  int roduct ive sect ion,  a  key issue in  
producing superior  CNT composi tes  is  the possibi l i ty  to  control  
deagglomerat ion and dispersion of  CNT in polymer matr ices  
which are  direct ly  correlated to  the hoped propert ies  
(conduct ivi ty,  mechanical ,  e tc) .  In  most  of  the cases 
homogeneous dispersion of  nanotubes in hindered by both the 
syntesis  induced “entangled” and  aggregated” s t ructures  of  
nanotubes as well  as the tubes tendency to form agglomerate in 
the polymer matr ix,  due to the intermolecular  van der  Waals  
in teract ions  between them,  their  low bending s t i f fness  and high 
aspect  rat io.  Feng et  al . ,  in  the same work,  developed a model  
to  s tudy the  inf luence of  agglomerat ion of  CNTs on the  
effect ive elast ic  moduli  of  CNT-reinforced composi tes .  The 
spat ial  dis tr ibut ion of  CNTs in the matr ix was assumed to non-
uniform such that  some local  regions have a  higher  
concentrat ion of  CNTs than the average volume fract ion in the  
material .  Those regions with concentrated CNTs were assumed 
to have spherical  shapes,  and considered as  “ inclusions” with  
different  e last ic  propert ies  f rom the surronding mater ial .  Thus,  
the  CNT-reinforced composi tes  were  considered as  a  system 
consis t ing of  inclusions of  sphere shape embedded in a  hybrid 
matr ix.  Both the matr ix and inclusions contained CNTs.  They 
es t imated the  effect ive  e las t ic  s t i f fness  of  the  composi te  
INFLUENCE OF CARBON NANOTUBES ON THE PROPERTIES OF FILMS OF POLYPROPILENE PREPARED 
BY FILM BLOWING-Results and discussion 
 
 91 
containing ei ther  s traight  or  curved CNTs by using this  
micromechanical  model .  They found that  the  agglomerat ion of  
CNTs exert  a  s ignif icant  weakening effect  to CNT-reinforced 
composites .  
Interfaces also play a s ignif icant  role in mechanical  and 
physical  propert ies  of  nanostructured materials .  For CNT-
reinforced composi tes ,  the high surface  area  of  CNTs creates  a  
large interfacial  region,  which has propert ies  different  f rom the 
bulk matr ix.  For  a  weak interface,  the effect ive elast ic  moduli  
are  insensi t ive to  the interface thickness .  These resul ts  can be 
easi ly understood because the axial  e last ic  modulus of  CNTs in 
much higher  than that  of  the polymer matr ix and the interface 
phase,  and so the s t i f fening effect  of  CNTs is  predominated by 
the elast ic  constants ,  geometr ic  parameters ,  spat ial  dis tr ibut ion 
and microstrucures of CNTs in comp osi tes .  
 
4.2.2   Mechanical  propert ies  of  blown f i lms 
In  Figures  29,  30 the typical  s t ress- strain curves of  the 
prepared composi te  f i lms for  the two direct ions are  shown.  
These  values  correspond to  an  average of  a t  leas t  f ive  samples  
which are tested for  the f i lms in the two direct ions (LD and 
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TD) of  the applied s tress .  In Figures 31-34 the  Young’s  
modulus  E,  yie ld  s t ress  s y  and elongat ion at  break e b ,  as  wel l  as  
the  energy per  uni t  volume W of  the  blown f i lms are  reported 
as a function of the weight fraction percent of CNT for the two 
direct ions.  These resul ts  are  also resumed in Table 2 where 
a lso the weight  composi t ions  and the re la t ive abbreviat ions of  
the  prepared mater ia l  are  reported.  Furthermore,  in  Figures 33-
36 the increment  re la t ive to  PP of  the sa me propert ies  are  
reported for  the two direct ions of  tes t ing as  a  funct ion on the 
wt% of CNT.  
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Figure  29 :  Typical averaged stress-strain curves of PP and PP/CNT composites 
film in the Take-up direction (TD) 
 
The f irs t  issue which worth noticing in these results  is  that ,  
during the tensi le  tes ts ,  the composi te  f i lms showed different  
responses in  the two direct ions (TD and BD).  To understand 
this  behaviour  one should consider  what  is  the  s t ress  f ie ld  
act ing on the f i lm during the blowing extrusion.  
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Figure  30 :  Typical averaged stress-strain curves of PP and PP/CNT composites 
film in the Blow-up direction (BD) 
 
When the polymer exi t  the tubular  die  i t  i s  mainly subjected 
to  a  couple   of  external  forces:  Fb,  associated to the internal  
a i r  pressure  which causes  i t  to  expand in  the  radial  di rect ion 
and Ft  associated to the take -up of  the f i lm for  the col lect ion.  
This  extension of  the melt  in  both the radial  and down-s t ream 
direct ion s tops at  the freeze l ine (frost l ine)  a t  which the 
polymer is  a l ready crystal l ized and is  no more subjected to  
deformation.  I f  the combinat ion of  these two forces  gives as  
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resul ts  a  predominant  or ientat ion of  the macromolecules  a t  45° 
with respect  the two direct ions then the mechanical  propert ies  
of  the f i lm wil l  be similar  in both TD and BD, otherwise 
discrepancies  in  the  mechanical  proper t ies  wil l  be  displayed.   
Furthermore,  we have to consider  that ,  for  the composite  f i lms,  
during the blowing process  the molecular  bior ientat ion is  a lso 
influenced by the presence of  the CNT which might  represent  
physical  constraints  to the free movement of  the molecules.  In 
considerat ion of  the type of  s t ress  f i led which occurs  during 
this  process ,  the  spat ia l  d is t r ibut ion of  the  CNT in  the  matr ix  
i s  expected to  be non- uniform, and their  or ientat ion s trongly 
dependent on their  concentrat ion in the matrix.  
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Figure  31 :  Comparison of  Young’s  modulus  versus  wt .% CNT in  
the  two d i rec t ion  TD and BD  
 
I f  we take a look to graph reported i n Figure 31, we can 
observe that  for  the  pure  PP the modulus  in  the take - up 
direct ion (TD) is  s l ight ly higher  then in the blow -up direct ion 
(BD) while  the elongat ion at  break in  the TD is  order  of  
magnitude higher  the BD. This   s i tuat ion indicates  that  dur ing  
the blown f i lm extrusion the molecules  were subjected to   a  
predominant   orientat ion in the TD than in the BD which has 
rendering the f i lm much more ducti le  in the TD then in BD. In 
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the BD the addi t ion of  1  wt% of  CNT determines  a  s l ight  
decrement of  both the Young Modulus E and the s t rength at  
y ie ld  sy  (Figure 31,32)  while  a  s t rong increment  of  the r igidi ty  
(123%) along with a lso an excel lent  increase of  the  s t rength 
(267%) with respect  to pure PP is  displayed for  3 wt% of CNT. 
For  higher  concentra t ion (5  wt%) the increment  keeps to  
decrease  (106% and 168%) to  drop down for  10 wt% reaching a  
value almost  as  high as that  of  the pure PP.  In the TD  a s l ight  
decrement  of  both E and the sy is  displayed also in this  case 
for  1 wt% of  CNT.  For  3 wt% these proper t ies  are  s imilar  to  
that  of  the pure PP,  while  for   5 wt% of CNT a great  increment 
(122% and 188%) is  displayed for  the composi te  f i lms.  As the 
CNT content  reaches 10 wt% their  benefi t  ends and the 
mechanical  propert ies  reach the values almost  as  high as  tha t  
of  the PP.  
With regarding to the ducti l i ty of  the f i lms,  in the BD this  
proper ty  increases  of  233% for  1  wt%  of  CNT (Figure  31) ,  
whi le  for  higher  concentrat ion i t  i s  a lmost  s imilar  to  that  of  the 
pure  PP.    A different  s i tuat ion is  revealed in  the TD, a t  which 
the addi t ion of  CNT determines a  reduct ion of  the duct i l i ty  for  
any level  of  the nanofi l ler  content ,  even for  1 wt%.  
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Figure  32 :  Compar i son  of  s t rength  a t  y ie ld  versus  wt .% CNT in  
the  two d i rec t ion  TD and BD  
   
Fina l ly,  in the graph reported in Figure 38 the relat ive 
increment  of  the  integral  area  under  the  s t ress- s t ra in  curve,  
W/WP P ,  for  each value of  CNT content  is  reported for  the two 
direct ions of  tes t ing.  In  accordance with the other  resul ts ,  in  
the  TD direct ion the  addi t ion of  CNT determines  a  det r iment  of  
the toughness of  the material  for  any value of  CNT content  
indicat ing that  the material  in  this  direct ion has became much 
more r igid but ,  on the other  hand,  more fragi le .  
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Figure  33 : Co mpar ison  of  s t ra in  a t  break  versus  wt .% CNT in  the  
two di rec t ion  TD and BD 
 
 In the BD the addit ion of 1 wt% of CNT determines an 
excel lent  increase of   the toughness  (334%),  while  for   3% this  
increment  i s  reduced to  152%.  For  5  and 10 wt% of  CNT 
content  the increment  drops down and this  property  is  a lmost  
as  high as that  of  the pure PP.  
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Figure  34 :  Comparison of  Young’s  modulus  versus  wt .% CNT in  
the  two d i rec t ion  TD and BD 
 
The excel lent  improvement of  the Young’s modulus and 
str ength occurred a t  3  and 5 wt% may be re la ted to  the  possible  
presence of  a  network structure (percolat ion)  of  the CNT 
occurr ing for  a  CNT content  between these two composi t ions.   
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Figure 35: Increment relative to PP of Young’s modulus against wt.% CNT for 
PP/CNT composite films 
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Figure 36: Increment relative to PP of strength at yield against wt.% CNT for 
PP/CNT composite films 
 
In  considerat ion of  the phin thickness  concerning the f i lms,  
for  too low concentrat ion of  CNT (1 wt%) the network might  
not  form and the nanotubes might  be randomly dis t r ibuted 
inside the matr ix,  too far  from each other  to percolate and in 
too small  amount  to  act  as  re inforcing phase.  They can be 
assumed as  local  regions with higher  concentrat ion then the 
average volume fract ion in  the mater ia l .  Their  effect  in  the 
polymer  is  that  of  local  defects ,  becoming “inclusions” or  
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holes  in  the PP which act  as  s t ress  concentrators  that  lead to  
the  observed s t rength  and s t ra in  reduct ion re la t ive  to  the  pure  
PP.  On the  other  hand,  when the  concentra t ion of  CNT  reaches  
too high levels  (10%) the agglomerat ion of  CNT exerts  a  
s ignif icant  weakening effect  to  the reinforced composi tes ,  as  
can be observed in  Figures  33-36.   
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Figure 37: Increment relative to PP of strain at break against wt.% CNT for 
PP/CNT composite films 
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Figure 38: Increment relative to PP of strain at break against wt.% CNT for PP/CNT 
composite films 
 
 
4.2.2 Dynamic-mechanical  resul ts  
 
Dynamic mechanical analysis (DMA) is a powerful 
method to investigate the macromolecule chain movement 
of polymer materials exposed to variation of temperature.  
Frequency scan at 1 Hz in the range –0÷110°C and 
frequency/temperature scan in the range 20÷80°C and 
0.01÷35Hz were performed on pure PP matrix and carbon 
nanotubes composites. In the next paragraphs the results 
of these two types of measurements will be discussed. 
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4.2.2.1 Frequency scan 
 
Figures 45 show a plot  of the storage modulus E’ at  1 Hz as a 
function of temperature for the various nanotubes composit ions.  
Polypropilene is  above i ts  glass t ransi t ion temperature at  room 
temperature,  thus i t  displays a  typical  behaviour of semi -crystal l ine 
thermoplastic polymer in i ts  glassy state.  At low temperature the 
polymer is  in the glassy state and the modulus sl ightly decreases with 
increase in temperature but  remains roughly constant  (around 3.0E+09 
Pa).  Then the slope changes a the modulus rapidly decreases with the 
temperature up toa temperature of ~60°C where the slope changes again 
and the madulus continue to decrease but   with less s lope.  The storage 
modulus of PP/CNT composites tends to increase with increasing CNT 
content.  This implies the effectiveness of reinforcing effect  of CNTs. 
The maximum value of  the storage modulus is  reached with 5 wt% CNT 
loading.  
I t  is  displayed in Figures 46,47 the loss modulus E’’  and the 
concomitant  relaxation process through the mechanical  loss  factor  tand,  
where i t  is  notable that  the unfi l led PP passes a maximum around 0°C. 
The tan d  peak is  associa ted with  the  sof t  segment  glass  t ransi t ion 
temperature (Tg).  Below the glass  t ransi t ion temperature,  the 
molecular  chains of  PP are  frozen.  Above Tg,  the mobil i ty  of  PP 
chains  increases .  I t  can be not iced that ,  beside the case of  PP1%,  the 
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introduct ion of  MWNTs does  not  effect  in  a  re levant  extent  the  Tg and 
damping capacity.  Two are the phenomena to be considered to bet ter  
understand the   effect  of  CNTs on the glass  t ransi t ion:  on one hand the 
the  wel l-dispersed SWNTs wil l  restr ict  the molecular  motion,  and wil l  
lead to  an increase in  Tg.  On the other  hand,  the  increase in  
microphase separat ion with the introduct ion of  MWNT wil l  lead to  a 
decrease  in  Tg because there  are  less  hard segment  present  in  the  sof t  
phase hindering the motion of  soft  segment .  This  resul t  suggest  that  
the lat ter  play a  predominant  role  in Tg shif t .  The temperature 
position of this relaxation process is known to depend on the frequency 
of the measurement.  
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Figure 45: Storage modulus E’ at  1 Hz as a function of temperature 
for  PP/CNT composi te  plates  
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Figure 46: Loss modulus  E’’  a t  1  Hz as  a  funct ion of  temperature  for  PP/CNT 
composi te  plates  
 
Above Tg and highly f i l led materials ,  a  relevant  increase in the 
composite modulus is  observed with 5% of weight fraction of carbon 
nanotubes.  For less concentrat ion the effect  of   CNT on the dynamic 
storage modulus is  not  relevant while,  for example, at 5 wt% of CNT 
the relaxed modulus of  the composite is  at  25°C is  ~3 t imes higher then 
that of the pure PP (Figure 48, 49).  The increment of E’ relatively to PP 
decreases with temperature,  as  can be observed in Figure 45 and 49 and  
at  l imit  at  high temperature the bundle of curve tend to overpose to a 
common plateau around 1,00E+09. 
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Figure 47: Tan delta a t  1  Hz as  a  funct ion  of  tempera ture  for  PP/CNT 
composi te  plates  
 
In addition to their reinforcing effect  at  high temperature,  carbon 
nanotubes improve the thermal stabil i ty of the composite materials.  
Indeed, whereas the st iffness of the non- reinforced matrix decreases 
with temperature,  the relaxed modulus of composites remains roughly 
constant up to a temperature which value increases with the fi l ler  
content.  For instance,  the modulus of the composite containing 3 wt% 
of nanotubes drops at  –10 whereas the terminal zone occurs at  –30°C 
for the unfil led material .  This phenomenon can be most probably 
ascribed to good interfacial  bonding between the fi l ler  and the matrix,  
which prevents irreversible flow of the matrix at  high temperature.   
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Figure 48: Storage modulus E’ as a function of wt.% CNT at different temperatures 
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Figure  49: Increment relative to PP of the storage modulus E’ as a function of wt.% CNT at 
different temperatures 
 
INFLUENCE OF CARBON NANOTUBES ON THE PROPERTIES OF FILMS OF POLYPROPILENE PREPARED BY FILM 
BLOWING-Results and discussion 
 110 
4.2.2.2 Frequency/Temperature scan 
 
 
Frequency/ temperature scan in  the range 20÷80°C and 0.01÷35Hz 
were  performed on pure PP matr ix and carbon nanotubes composi tes .  
 In Figures 50-59 the resul ts  of  these tests  are  reported in terms of  
E’  as  a  funct ion of  temperature and frequency.  These graphs represent  
a  s imple visual izat ion of  the raw data  before the maser-curves  are  
building.   
Furthermore,  prior  to create the master-curves,  the values of  E’  
resul ted from the frequency scan at  1  Hz were compared to that  
resul ted from the frequency/temperature scan to verify the 
concordance between the two type of  experiments .  This  ver i f icat ion is  
showed in Figures 60-64,  where  the  discrepancies  between the two 
measurements   are  considered acceptable .  
Final ly ,  in  Figures  65-69 the master  curves are reported for  each 
weight  composit ion of  CNT. The same curves are then compared with 
that o f  the unfi l led PP in Figures 70-74.  
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Figure 50 
 
 
   
 
 
Dynamic Properties vs Temperature-PP
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Dynamic Properties vs Time - PP1%
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Dynamic Properties vs Temperature-PP1%
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Dynamic Properties vs Time-PP3%
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Dynamic Properties vs Temperature-PP3%
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Dynamic Properties vs Time-PP5%
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Dynamic Properties vs Temperature-PP5%
0,00E+00
5,00E+08
1,00E+09
1,50E+09
2,00E+09
2,50E+09
0,0 10,0 20,0 30,0 40,0 50,0 60,0 70,0 80,0 90,0
Temperature /°C
M
o
d
u
l
u
s
 
/
P
a
0,000
0,020
0,040
0,060
0,080
0,100
0,120
0,140
T
a
n
 
δ Modulus
Tan Delta
 
Figure 57 
 
   
Dynamic Properties vs Time-PP10%
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Dynamic Properties vs Temperature - PP10%
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Dynamic Properties vs Temperature - PP
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Dynamic Properties vs Temperature-PP1%
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Dynamic Properties vs Temperature - PP3%
0,00E+00
5,00E+08
1,00E+09
1,50E+09
2,00E+09
2,50E+09
3,00E+09
3,50E+09
4,00E+09
4,50E+09
-40,0 -20,0 0,0 20,0 40,0 60,0 80,0 100,0 120,0
Temperature /°C
M
o
d
u
lu
s 
/P
a
TEMP/FREQ SCAN
FREQ SCAN (1Hz)
 
Figure 62 
  
 
COMPARISON Dynamic Properties vs Temperature PP5%
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Dynamic Properties vs Temperature - PP10%
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Figure 64 
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The master  curves  have revealed consis tent  dif ferences  in  the  
conservat ive modulus  E’  with  respect  to  the pure PP for  5  and 10 wt% 
of CNT, in accordance with the results  from the frequency scan at  
1Hz.  In the fol lowing Figure the master  curves are reporte d  a l l  
together  for  comparison,  while  in  Figures  75-79 each CNT composi te  
is  compared with the pure PP.  I t  is  visible the remarkable increase of  
the  conservat ive modulus  E’  for  5  wt% with respect  to  the  other  
weight  composi t ion of  CNT for  which the  di f ferences  with  the unfi l led 
PP are  less  remarkable .  
Final ly ,  Figure 80,  81 the comparison of  Young’s  modulus f rom 
quasi- s tat ic  mechanical  tests  and the conservat ive modulus E’ from the 
dynamic- mechanical  tests  as  well  as  the increment  relat ive to PP are 
showed are  showed.  I t  can be not iced that  for  a l l  weight  composi t ions 
of  CNT the values  of  Young’s  modulus E are  a lways lower than those 
of  the conservat ive modulus E’ .  This  behavior  was expectedin 
considerat ion of  the level  of  s t rain rate  adopted in tensi le  experiments  
(50mm/min) which corresponds to 10 - 2 s - 1,  thus  two order  magni tude 
lower  than the  t ime adopted for  the  f requency scan in  the  dynamic 
tests  (1Hz).    
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Figure 75: Comparison master curves for PP and PP/CNT composites 
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Figure 76: Comparison master curves for PP and PP1% composites 
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Figure 77: Comparison master curves for PP and PP3% composites 
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Figure 78: Comparison master curves for PP and PP5% composites 
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Figure 79: Comparison master curves for PP and PP10% composites 
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Figure 80: Comparison of the elastic properties of PP/CNT composite plates for 
static and dynamic tests 
INFLUENCE OF CARBON NANOTUBES ON THE PROPERTIES OF FILMS OF POLYPROPILENE PREPARED BY FILM 
BLOWING-Results and discussion 
 132 
0,5
1
1,5
2
2,5
0 2 4 6 8 10
R
E
LA
T
IV
E
 IN
C
R
E
M
E
N
T
wt % FILLER
E - Static tests (10-2 Hz)
E' - Dynamic tests (1 Hz)
79%
113%
105%
91%
 
 
Figure 81: Comparison of the increment relative to PP elastic properties of PP/CNT 
composite plates for static and dynamic tests 
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4.1 Rheological characterization 
 
As a l so  discussed in the previous chapter ,  t he  
rheological  analysis  was conducted at  220°C in ni t rogen 
atmosphere and run with 25 mm paral lel-plate geometry and 1 
mm sample gap.   The dynamic viscoels t ic  propert ies  were 
de termined using low strain values (1 %) with frequency range 
from 0.1 to  100 rad/s ,  which were within the l inear  
viscoelast ic  region for  these mater ia ls .  
In  Figure82-86 the s torage and the loss  modulus  G’ and G’’  
of  polypropylene and the nanotube composi tes  are  shown.  
Rheological  behaviour  at  high frequencies  can be related to the 
effect  of  the  f i l ler  on processing propert ies ,  whi le  low 
frequency behaviour is  sensi t ive to the s tructure of  the 
composi tes  and can be used to have information about  the 
percola t ion state  of  the MWNTs within the composite .  
 
 
 
INFLUENCE OF CARBON NANOTUBES ON THE PROPERTIES OF FILMS OF POLYPROPILENE PREPARED 
BY FILM BLOWING-Results and discussion 
 
 134 
 
1
10
100
1000
104
0,01 0,1 1 10 100
PP
G'' [Pa]
G' [Pa]
G
', 
G
'' 
[P
a]
w [rad/s]
 Figure 82: S torage  and  the  loss  modulus  G’  and  G’’  of  PP  
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Figure 83: S torage  and  the  loss  modulus  G’  and  G’’  of  PP1 % 
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Figure 84:  Storage  and  the  loss  modulus  G’  and  G’’  of  PP3 %  
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Figure 85: S torage  and  the  loss  modulus  G’  and  G’’  of  PP5 %  
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 Figure 86: S torage  and  the  loss  modulus  G’  and  G’’  of  PP1 0 %  
 
The complex viscosi ty  h *  of  the  pure  polypropylene and the 
nanotube composi tes  is  shown in  Figure 87.  As  can  be  
observed,  the nanotubes have a  dramatic  effect  on the 
rheological  behaviour even 1  wt%, at  which the viscosi ty of  
composites is  order of  magnitude more viscous than the pur e  
PP especial ly at  low frequency and exhibi ts  a  s trong shear  
th inning effect  whereas  the  neat  PP shows only a  smal l  
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frequency dependence at  high frequencies .  The complex 
viscosi ty  increases  with the nanotubes weight  content ;  the  
effect  of  the nanotubes is  more pronounced at  low frequency 
and the relat ive effect  diminishes with frequency due to shear  
thinning.  This  is  in accordance with the theoret ical  
expectat ions and experimental  invest igat ions for  f iber-
reinforced composi tes  [140,141].  I t  is  worth not icing that  the 
viscosi ty curves for  1  wt% nanotubes have a  s imilar  f requency 
dependence as the pure PP,  reveal ing a newtonian plateau at  
low frequencies .  However,  above 1 wt% the viscosi ty curves 
have a  much s teeper  s lope a t  low frequencies  and there  in  no 
newtonian plateau  within the frequency range s tudied.  At  5 
wt% nanotubes,  the frequency dependence is  nearly ident ical  
to  that  of  3  wt%, while  for  10 wt% CNT the viscosi ty  curve is  
nearly l inear  over  the range of  frequencies  shown.   
The rheological  behaviour  of  PP/CNT composi tes  a t  
different  f requencies  is  maybe ascr ibed to  the fol lowing 
reasons:  i f  nanotubes form a nanoscale  network s t ructure ,  then 
the rheological  behaviour  of  composi tes  should be sol id-l ike 
with only minor  inf luence of  temperature  a t  low shear  ra tes .  At  
high shear  ra tes  the rheology wil l  be determined by the 
polymer matrix.  Thus the composites wil l  behave more l ike a 
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l iquid with the wel l-known strong temperature influence on 
viscosi ty .  Figure  86 shows that  the  viscosi ty  increases  sharply 
at  even 1 wt.% loading,  indicating that  there is  a  change in the 
mater ia l  s t ructure .  This  sudden change in  the complex 
viscosi ty  means that  the composi tes  have reached a  rheological  
percolat ion at  which the nanotubes impede the motion of  the 
macromolecule and  form a nanoscale  network s tructure.   
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Figure  87 :  Complex viscosity h*  of pure PP and the PP/CNT composites fitted 
with the Her sche l- Bulk ley  model  
 
INFLUENCE OF CARBON NANOTUBES ON THE PROPERTIES OF FILMS OF POLYPROPILENE PREPARED 
BY FILM BLOWING-Results and discussion 
 
 141 
The data  of  complex viscosi ty  can be f i t ted very wel l  with 
the Herschel-Bulkley model  [147] .  The complex viscosi ty  (h*)  
can be calculated according to the equation for  Herschel-
Bulkley suspensions to  be modif ied for  the case of  dynamic 
measurements:  
1*
0
* -+= nkwhh       (4 .1)  
where  k  and *0h  are  two constants ,  n  i s  the  f low behaviour  
index.  When n>1,  the f luid exhibi ts  a  shear  thickening 
behaviour,  when n=1,  the f luid exhibi t  a  Bingham plast ic  
behaviour;  when n<1 the f luid exhibi t  a  shear  thinning 
behaviour .  The n   va lue  can be  denoted as  shearing- thinning 
exponent .  When t 0 i s  equal  to  zero,  eqn.  (4.1)  is  equal  to  a  
power low model .  I t  is  bel ieved that  the n,  k ,  t0  values  are  
related to  the s ta te  of  dispersion of  carbon nanotubes through 
the matr ix.  Due to their  high aspect  rat io ,  i f  carbon nanotubes 
are in a  s tate  of  a  go od dispers ion,  high shear ing wil l  make the 
nanotubes al ign with the f low direct ion,  and thus make the 
viscosi ty  decrease,  while  i f  the carbon nanotubes exis ted in  an 
aggregat ion s tate  then shear  thinning behaviour  wil l  be very 
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weak.  The bet ter  the  s ta te  of d ispers ion,  the  lower  the  shear  
thinning exponent  n .   
In  Figure 87 the  scat ter  points  are  the  exper imental  data ,  the  
sol id  l ines   are  the f i t ted curve according to  the Herschel-
Bulkley model .  The shear  thinning exponent   decreases  with 
increasing the wt.% of CNT, which means a  more s ignif icant  
shear  thinning behaviour .    
In  Figure 88 a)  the complex viscosi ty is  reported against  
nanotube content  a t  different  f requencies .  At  a l l  f requencies ,  i t  
i s  v is ib le  a  fas t  r i se  a t  1  wt% CNT and then the  increase  in  
v i scosi ty  is  a lmost  l inear  with the composi t ion up to  5 wt .% 
CNT.   At  10 wt% CNT the  increase  in  viscosi ty  is  present  only  
at  low frequencies ,  whi le  even at  1  rad/s  the s lope becomes 
s lower to  evenmore negat ive ( the viscosi ty  diminuishes)  a t  10 
and 100 rad/s .   
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Figure 88: Complex v iscos i ty  h* agains t  CNT weight  content  a t  
d i f fe rent  f requencies .  Sca t te r  da ta  a )  and  b)  compar ison  wi th  
f i t t ed  da ta up  to  5  wt .% CNT wi th  eqn .  4 .2   
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The values of  viscosi ty  as  a  funct ion of  CNT loading can be 
f i t ted through the follow ing modif ied power low relat ion:  
h
hh
cmbµ       (4 .2)  
where  h  i s  the viscosi ty ,  m is  CNT loading,  bh  i s  constant  
and c h  is  a  cr i t ical  exponent .  The cr i t ical  exponent ,  resul ted 
from fit t i ng,  decreases  with  increasing  the  CNT 
content(Figure  88b)) .   
In Figure 89 the increment of  complex viscosi ty 
s tandardized against  PP value is  reported as a  function of  CNT 
content  for  different  f requencies .  A rapid relat ive increment  is  
v is ib le  a l ready a t 1  wt%CNT, wi th  l i t t le  d i f ferences  for  the  
single frequencies.  In al l  cases,  for  each CNT content  the 
increment  relat ive diminuishes with the frequency and the 
highest  increment  i s  reached a t  low frequency (0 .1  rad/s)  wi th  
5 wt% CNT.  
The increase in complex viscosi ty  with nanotubes 
composi t ion is  pr imari ly  due to  the dramatic  increase in  the 
s torage modulus  G’,  as  may be seen in  Figure 89,  where a l l  the  
curves are reported as  a  funct ion of  frequency for  different  
weight  composi t ion CNT.  The corresponding increase in   the 
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less  modulus  G’’  i s  much lower  as  seen  in  F igure  91.  Both  
moduli  increase with f requency,  but  the ra te  of  increase in  the 
loss  modul i  becomes less  the  higher  the  nanotubes  content .  
Thus,  the effect  of  nanotubes concentrat ions is  much higher  a t  
low frequencies  than high frequencies .  All  G’ curves for  PP 
composi tes ,   display a  monotone behaviour  at  any frequency,  
with the s lope decreasing with increasing the amount  of  CNT. 
At low frequencies,  PP chains are ful ly relaxed and exibi t  a  
typical  ho mopolymer –l ike terminal  behaviour .  However ,  a t  
nanotube loading higher than 1 wt.% this  terminal  behaviour 
disappear and the dependence of G’ and G’’ on w  a t  low 
frequency is  weak.  Thus,  large - scale  polymer re laxat ion in  the 
composi tes  are  effect ively restrained by the presence of  
MWNTs.  As shown in Figures  90,  a t  low frequencies ,  G’  i s  
almost  frequency independent  for  nanotubes loading higher 
than 1 wt .%, which is  indicat ive  of  a  t ransi t ion f rom l iquid-
l ike  to  sol id-l ike  behaviour .  This  non- terminal  low frequency 
behaviour  can be at t r ibuted to  a  nanotube network,  which 
restrains the long motion of  polymer chains.  
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T a b l e  4 :  Slopes  of  G’  and G’’  versus  w for  d i f ferent  wt .% CNT 
 
 
 
 
 
As  a  resul t ,  in  Figure  91 the low frequency dependence of  
G’’  have a  s imilar  t rend.  However ,  the  corresponding increase  
in the loss  modulus G’’  is  much lower than that  of  the in the 
storage modulus G’ at  f ixed nanotube content .  
While  the values of  G’ and G’’  for  the composi tes  
containing 1 wt% nanotubes are  s ignif icant ly higher  than that  
of  the pure PP,  the shape of  the  curve does  not  di f fer  very 
much from each other indicating that  the two materials  have 
the same frequency dependence.  Above 1 wt%, the slopes of  
the modulus curves change s ignif icant ly at  low frequency with 
an ini t ia l  plateau for  3  and 5 wt .% CNT and above  5  wt% 
nanotubes,  G’ is  nearly independent  of  f requency.   
C N T  w t . % 
Slope  o f  G’  
versus  w  
S lope  o f  G’  
versus  w  
0 1 .22  0 .78  
1  1 .15  0 .76  
3  0 .60  0 .76  
5  0 .20  0 .60  
10  0 .15  0 .24  
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Figure 89: Increment relative to PP of complex viscosity h* at different shear rate 
 
This   behaviour  shows a  less  remarkable  f requency 
dependence of  the  composi tes ,  and thus a  pseudo-so l id  
behaviour  of  G’ when the amount  of  CNT is  in  the range 1÷5 
wt .%.   
Up to 5 wt.% CNT, in fact ,  the improvement in G’ in the lef t  
par t  of  the  plot  i s  very  re levant .  After  5% ,  the  degree  of  
improvement  decreases .  
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Fi g u r e  9 0:  S torage  modulus  G’  versus  f requency for  PP/CNT 
composi te  p la tes  
 
The power low dependence of  G’ and G’’ on frequency is  
l is ted in  Table  4 .  Values  of  2  for  2' wµG and 1 for  1'' wµG  a re  
expected for  the noncrossedlinked l inear  polymer melts ,  but  
large deviat ions occur,  especial ly when network structures are 
formed in  the  molten s ta te .  At  molten s ta te ,  in  the  case  of  pure  
PP,  polymer chains exhibi t  terminal  behaviour l ike l inear  
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polymers  with scal ing propert ies  of  approximately 2.1' wµG  and 
8.0'' wµG .  When CNT loading exceeds 1 wt.% the terminal  
behaviour disappear ,  and the dependence of  G’ and G’’  on w  
weakens.  This  nonterminal  behaviour  suggests  that  CNTs not  
only cause the res t r ic t ion of  PP chains  re laxat ion but  a lso 
inf luence the short- range dynamics or  local  motion of  the PP 
chains  in  the nanocomposi tes  which can be at t r ibuted to  
exis tence of  CNT network.   
The power law dependence of  G’ and G’’  of  f requency 
weakens monotonically with increasing  CNT loading from 2.1w  
to 15.0w  and f rom 78.0w  to  24.0w ,  respect ive ly .  This  i s  an  indicator  
to t ransi t ion from l iquid- l ike  to  sol id- l ike viscoleast ic  
behaviour .  The nonterminal  behaviour  in  the composi tes  
should be caused by formation of  nanotube network,  which 
confines long- range motions of  PP chains.  
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Figure  91 :  Storage modulus  G’  versus  f requency for  PP/CNT 
composi te  p la tes  
  
I t  i s  known from the l i terature  that  in terconnected s t ructures  
of  anisometric  f i l lers  resul t  in  an apparent  yield s tress  which 
is  vis ible  in  dynamic measurements  by the presence of  a  
pla teau a t  low frequencies  [142-144].  This  effect  is  more 
pronounced in G’ than in G’’  [142].  As the nanotubes content  
increases  in  this  composi te  system,  nanotube- nanotube 
interact ions begin to dominate and eventual ly lead to 
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percolat ion and the formation of an interconnected s t ructure of  
nanotubes.  Star t ing at  about  3 wt% nanotubes,  G’ seems to 
reach such a  pla teau a t  low frequencies  (sol id- l ike behaviour) .  
Therefore,  an interconnected s t ructure is  assumed to form. 
This  cr i t ical  composi t ion is  regarded as  a  rheological  
percolat ion composi t ion.  At  high concentrat ions of  nanotubes,  
connect ivi ty  is  more pronounced,  as  seen in  the  enhanced 
elast ici ty.  
F igures  92,  93 show a plot  of  the storage modulus G’and the 
loss  G’’  against  carbon nanotube content  a t  different  
frequencies .  These graphs again show that  the increase in G’ 
with carbon nanotube contents  much higher than that  of  G’’  
and a  s t rong increase at  a l ready 1 w t .%CNT. At  a l l  f requencies  
the increase with composi t ion is  a lmost  l inear  up to  5 wt .% 
CNT; this  phenomena is  especial ly  evident  a t  low frequencies .  
For  10 wt .% CNT the s lope becomes negat ive  (G’ 
diminueshes) ,  a lso in  accordance with  the  resul ts  f rom the 
mechanical  and dynamic- mechanical  tests ,  indicat ing the 
weakening effect  effect  of  the CNT on the polypropylene when 
the CNT is  too high.   
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Figure  92 :  Storage modulus  G’  against  CNT weight  content  a t  d i f ferent  
f requenc ies .  Sca t te r  da ta  a )  and  b)  compar i son  wi th  f i t t ed  da ta  up  to  5  
wt .% CNT wi th  the  ind ica t ion  of  the  c r i t i ca l  exponent  b  
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A rapid re la t ive  increment  is  v is ible  a l ready at  1  wt%CNT, 
with  l i t t le  dif ferences  for  the  s ingle  f requencies .  In  a l l  cases,  
for  each CNT conten the increment  relat ive diminuishes with 
the  f requency and the  highest  increment  is  reached at  low 
frequency (0.1 rad/s)  with 5 wt% CNT.  
In analogy with the complex viscosi ty,  G’ values as  a  funct ion 
of  CNT loading can be f i t ted thr ough the fol lowing modif ied 
equation:  
'
'' G
c
G mbG µ  
where G’ is  the s torage modulus,  m is  CNT loading,  bG’  i s  
cons tant  and cG ’  i s  a  cr i t ical  exponent  (Figure 92b)) .  Also in  
this  case,  the cr i t ical  exponent ,  resul ted from f i t t ing,  decreases  
with increasing  the CNT content .   
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Figure  93 :  S torage  modulus  G’  agains t  CNT weight  
con ten t  a t  d i f f e ren t  f r equenc ies . 
 
In Figures 94,  95 the log- log plot  of  increment G’ and G’’  
s tandardized against  PP value is  reported as a function of  CNT 
content  for  different  frequencies.  For al l  f requencies,  a  
re levant  increment  i s  present  a t  1  wt% CNT,  then,  a t  low 
frequency (0 .1  and 10 rad/s)  the  increment  is  a lmost  l inear  wth 
the  s lope lower  the  higher  the  f requency.  For  higher  values  of  
frequency the increment  is  again l inear  up to  5 wt%, while  for  
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10 wt .% CNT  the  s lope become negat ive  as  the  re la t ive  
increment  of  G’ diminueshes.   
With regarding to  the relat ive increment  of  G’’ ,  beside the 
rapid increment  which occours  again for  1  wt% CNT, for  a l l  
f requencies  i t  i s  again almost  l inear  up 5 wt% CNT with the 
s lope s t rongly decreasing with frequencies  and then at  10 wt% 
CNT the s lope becomes again negat ive,  as  G’’  decreases  with 
the frequency.  
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Figure  94 :  Increment relative to PP of storage modulus G’ at different shear rate 
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Figure  95 :  Increment relative to PP of loss modulus G’’ at different shear rate 
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4.4 Morphological  characterization 
I t  was of  interest  to  analyze the morphology of  PP/CNT 
composi te  pla tes  and f i lms.  The morphology was observed 
through SEM and OM, and important  information were deduced 
from both of them.  
4.4.1 SEM  
Figure 96 shows a SEM photomicrograph of  masterbatch 
containing 20 wt% nanotubes.  As can be observed,  the 
nanotubes are  randomly oriented and form interconnected 
structures.  Due to the complexity of  nanotube network,  i t  is  
vir tual ly  impossible  to  obtain any information from SE M 
photomicrographs about  the f iber  length.  By the way,  several  
in teres t ing informat ion can be deduced f rom the observat ion of  
the microphotograph concerning the nanotube diameter  of  the 
masterbatch system.  
Because of  the pronounced curved s tructure,  i t  is  not 
unexpected that  during the sample preparat ion part  of  the 
nanotubes being cut  and appear  as  different  individual  tubes 
ra ther  than par t  of  an individual  tube which as  been fractured,  
as  shown schematical ly  in  Figure 97 
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Figure 96: SEM microphotograph of PP/CNT masterbatch 
 
Furthermore,  the morphology shows that  the MWNTs are 
randomly oriented and form a highly entangled and 
interconnected structure in the PP matrix.  The MWNT used in 
th is  research exhibi t  a  c lear  curved shape in  a l l  three  
dimensions  which can descr ibed as  “spaghet t i”  l ike  s t ructure  
forming an interlocked structure of  MWNT in the agglomerate  
s tate .  A similar  type of  interconnected structure has been 
reported in  poly(vinyl  a lcohol)-MWNT composite  with 50 wt% 
MWNT content  [145].  As mentioned before ,  the Hyperion 
reports  that  their  nanotubes typical ly  range between 10 and 
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15nm. Here,  we have to  consider  that  the diameter  vis ible  in  
the micrographs represents  the contact  area between the tube 
and the very end of  the t ip ,  and,  therefore  is  s l ight ly higher  
then the t rue tube diameter .  In  contrast ,  the photomicrograph 
for the masterbatch system depicted in Figure 96 reveals  that  
the diameters  are  in  the range between 10  and  50nm which  i s  
s ignif icant ly  higher  than the values  reported by the suppl ie r .  
This  resul ts  indicates  the formation of  an adsorbed layer  of  
polypropylene exis ts  on the surface on nanotubes,  indicat ing 
some degree of  wet t ing and phase adhesion with the nanotubes,  
unlike the hydrophobic polymer system.  
 
Figure  97 :  Schemat ic  o f  spaghet t i -l ike  s t ruc ture  where  
i s  v i s ib le  par t s  a t  cu t  su r face  ( so l id  l ine )  o r  in  a  ph in  
sec t ion  (dashed  l ine )   
 
Figure 98-101 show the SEM microphotographs of  the 
fracture surface of  PP/CNT composi tes .  In the fracture surface 
of PP1%, conta ining 1  wt% CNT,  carbon nanotubes  appear  to  
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be disperse in the form of  1  mm diameter  c luster  and  seems to 
be the center  for  PP crystal  growth.  They are  observed as  
white  spots  dispersed independent ly through the matr ix ,  
a l though some of  them entangled toghether  in  the for m of 
random arrays.  With fur ther  increasing CNT content ,  a  network 
of  CNT part icles  is  gradual ly formed within the matr ix of  the 
composite  leading to a  sharp increase in the mechanical  
proper t ies :  a  pronounced CNT network is  formed in  PP5% and 
PP10% composi tes .   
 
Figure  98 :  SEM microphotograph of fracture surface of PP1%  
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Figure  99 : SEM microphotograph of fracture surface of PP3% 
 
Figure  100 :  SEM microphotograph of fracture surface of PP5% 
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Figure  101 : SEM microphotograph of fracture surface of PP10% 
 
SEM microphotograph were also made on plane surface of  
PP/CNT composite  f i lm samples.  
In Figures  102-104,  typical  SEM microphotographs of  
PP/CNT composite  f i lms containing 1,  3 and 5 wt.% CNT 
respectively are shown, where in part icular  Figure 104b)  
represents  a  zoom into the sample depicted in Figure 104a) .  
  For  1  wt .% CNT the nanotubes  appear  again as  separate  
white  spots  indicat ing local  regions of  aggregated nanotubes.  
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Anyway, even at  this  weight  content  of  CNT it  is  possible to 
individuate an ordered posi t ioning of  nanotubes,  almost  
equidistant  from each other  and in a  preferred al ignment 
almost  parallel  to the Take -up direct ion (TD).  This  
configurat ion,  while  on one hand i t  pref igures  already the 
potential  network structure that  wil l  in fact  be formed with the 
addi t ion of  higher  amount  of  CNT, l ike i t  happens with 3 and 5 
wt% CNT (Figure 103,  104) ,  on the other  hand is  not  yet  a  
network i tself .  At  1 wt .% CNT the concentrat ion of  CNT  in 
the composi te  f i lms is  probably too low and nanotubes are  too 
far  from each other  to  form an in terconnected  s t ructure  and 
thus in  too small  amount  to  act  as  re inforcing phase.  In  this  
s i tuat ion,  the nanotubes only form  local  regions of  
“aggregated” nanotubes which,  i n  considerat ion of  the phin 
thickness of  the f i lms,   have the  effect  of  local  defect ,  
becoming “inclusions” or  holes  in  the  f i lm which act  as  s t ress  
concentrators  that  lead to a  detr iment in the mechanical  
propert ies  with respect   to  the pure PP,  as  revealed also by the 
resul ts  of  the tensi le  tests  conducted o n the composite  f i lms.    
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Figure 102: SEM microphotograph of plane surface of PP1L 
 
With further  increasing CNT content  (Figures 103-105), a 
relevant  interconnected s tructure with a  preferred orientat ion 
in Take - up Direct ion (TD) is  formed within the co mposi te ,  
leading to  a  remarkable  improvement  in  the s t i f fness  and 
s trength,  as  also observed in the resul ts  of  the tensi le  tests .  
Other   key issues  can be discussed while  observing Figure 
104b)  where  i t  i s  depicted a  zoom of  the  same f i lm containing 
5  wt .% CNT reported in  Figure 104a) .  Two are   the  most  
important quest ions  which are  worth not ic ing in  this  picture:  
f i rs t  the presence of  a  typical  region of  “agglomerated” 
TD 
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nanotubes,  which in  par t icular  represent  “knot  and  s ide” of  
part  of  the complex CNT array reported in Figure 104a) .  
Furthermore,  the nanotubes appear   a l igned in  a  preferred 
or ientat ion a lmost  paral le l  to  TD.  Second,  there  is  apparent ly   
a  pret ty good adhesion with the matr ix at  the interface,  while  
nearly nothing can be said about  nanotubes waviness ,  s ince 
SEM technique is  not  sui table  for  this  type of  analysis .  This  
concerns are fundamental  for  a  deep understanding of  the 
mechanical  behaviour of  our  CNT reinforced composi tes  s ince,  
beside the formation or  not  of   a  nanotubes array in the 
polymer matr ix ,  three are  the main effects  on the s t i f fening 
mechanisms of  carbon nanotubes,  as  a lso  discussed in  the  
previous paragraph:  the  waviness  effect ,  the  agglomerat ion 
effect  and the interface effect .   
With regarding to  the waviness  effect ,  because CNTs have 
very low bending s t i f fness  due to  the small  tube diameter  (~ 1 
nm),  most  CNTs in composi tes  exist  in  a  curved state .  I  was 
observed [146] that  the modulus of carbon nanotubes 
composi tes  decreases  rapidly as  waviness  increases .  By the 
way,  from SE M pictures  i t  i s  qui te  impossible  to  get  
information about  the nanotubes waviness .   
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Figure103 : SEM microphotograph of plane surface of PP3L 
 
Concerning the  agglomerat ion problem of CNTs in the 
polymer matrix,  i t  represent  a  big challenge i r respect ive  of the 
method of  composi te  preparat ion.  Anyway,  in  context  with 
industr ia l  appl icat ion of  polymer/nanotubes systems,  melt  
mixing is  in  general  the preferred method since applying shear  
is  described to be very eff icient  in  order  to  minimize  nanotube 
aggregate  format ion [38,  42-44] and,  thus,  to  enhance nanotube 
dispersion.   
For  the case of  the present  s tudy,  the s i tuat ion revealed in 
the SEM micrograph of  Figure  104b)  indicates that  the melt-
TD 
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mixing process  at  which the PP/CNT reinforced composi tes  
were  subjected to was not  i tself  enough to control  the 
dispersion  of  CNTs in the polymer matr ix  as  wel l  as  the 
deagglomerat ion,  i .e .  the tubes tendency to form agglomerate ,  
due to the intermolecular  van der  Waals  interact ions between 
them, their  low bending st iffne ss  and high aspect  rat io .   
The s tudies  on CNT reinforced composi tes  have 
demonstrated that  the agglomerat ion of  CNTs can exert  a  
s ignif icant  weakening effect  to  these  composi tes  [146] ;  but ,  on  
the  other  hand,  the  resul ts  of  our  tens i le  tes ts  for  3  and 5  wt. %  
CNT have showed,  instead,  a  relevant  increase in the Young’s 
modulus and strength.   
These two events  are only apparently in contrast  with each 
other .  Indeed,  the contr ibut ion to the reinforcing   effect  of  a  
network within the polymer matr ix is  exerted especia l ly  in  
terms of  s t i f fness  (Young’s  modulus)  and s t rength,  whi le  the  
presence of  agglomerated nanotubes ,  a l though being par t  of  
interconnected “sopramolecular” s tructure,  during the tensi le  
test  may act  as  local  defects  and thus as stress concentrato r s  
which render the composite   weaker,  in terms of  toughness and 
ducti l i ty.  
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a )  
 
b) 
Figure 104: SEM microphotograph of plane surface of PP5L 
TD 
TD 
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In  this  s i tuat ion,  a  “sol id- l ike behaviour” is  thus a  useful  
and summarizing analogy  to  descr ibe this  change in the 
mechanical  response of  the CNT reinforced composi te  with 
respect  to  the  pure  PP.   In  analogy,  in  fact ,  wi th  the  
mechanical  behaviour  of  a  sol id ,  the mater ial  has  become much 
more r igid and resis tant ,  but  a lso more fragi le ,  and less  tough,  
in  accordance also with resul ts  of  the tensi le  tes ts .   
A signif icant  role  in mechanical  and physical  propert ies  of  
CNT reinforced composi tes  is   p layed by nterfaces  a lso.  The 
high surface area of  CNTs creates  a  large interfacial  region,  
wi th  proper t ies  d i f ferent  f rom the bulk matr ix .  SEM 
micrograph reported in  Figure 104b)  shows a pret ty good 
adhesion between the matrix and the nanotubes at  the 
interface,  which may act  as  a  posi t ive contr ibut ion the 
st i ffening effect  of  CNTs.  The good adhesion at  the interface 
may probably related to  the way that  has  been adopted in  the 
present  s tudy to introducing nanotubes in polymer matrix.  
As a lso  descr ibed above,  commercia l ly  avai lable  
masterbatches of  polymer/carbon nanotubes composi te  at  20 
wt .% MWNT were used as  s tar t ing mater ia l  which were  di lu ted 
by pure polymer in a  subsequent  melt  mixing process .   
INFLUENCE OF CARBON NANOTUBES ON THE PROPERTIES OF FILMS OF POLYPROPILENE PREPARED 
BY FILM BLOWING-Results and discussion 
 
 170 
At 20 wt.% MWNT, structure consists  of  highly entangled 
and “percolated” nanotubes in  the PP matr ix  which  are  wel l  
wet ted by the polymer matr ix ,  very l ikely  due also to  the  
presence of  chemical  bonding between the polymer and the 
nanotubes.  With the addit ion of  PP into the masterbatch the 
network s t ructure  is  being gradual ly  expanded by 
incorporat ing the  PP chains  between the individual  tubes  whi le  
maintaining the “tube percolat ion” and,  moreover ,  where 
present ,  the chemical  bonding with polymer.  Very high amount 
of  PP added (and therefore ,  low amount  of  MWNTs) may break 
the  percola ted s t ructure  of  the  tubes  and eventual ly  in terfere  
with the physical  and chemical  bonding of  MWNTs with 
matrix.   
By observing Figure  104a)  one may surely assess  that ,  for  
the part icular  case of  PP/CNT composi te  f i lms,  5  wt .% CNT is  
s t i l l  an acceptable  level  of  di lut ion,  such that  the   percolated 
s t ructure s t i l l  exis ts ,  with MWNTs touching each other  while  
maintaining a  good adhesion nanotubes- matrix,  with the 
consequence of  a  posi t ive contr ibution to the improvement of  
the  mechanical  and physical  proper t ies  of  the  PP/CNT 
composites .  
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In conclusion,  the s t i ffening mechanics played by 
agglomerate ,  interface and waviness  effects ,  are  fundamental  
keys for  improvement  of  the  mechanical  and physical  
propert ies  of  the base mater ials ,  whether  or  not  the formation 
of  a  percolated structure in the matr ix.  If  good adhesion,  f ine 
d ispers ion and low waviness  of  CNTs is  guaranteed (and i t  i s  
indeed a  big chal lenge) ,  than a  re levant  improvement  in  the  
mechanical  and physical  behaviour  may in  potent ia l  be  
achievable even if  the network is  not  formed within the matr ix.   
I f  a t  least  one of  these effects  is  not  perfect ly contr ol led,  then 
the presence of  CNTs in the polymer matr ix may probably have 
no posi t ive effects  or  a t  l imit  have negat ive effects  on the 
mechanical  propert ies  of  the base material .  As soon as the  
percolat ion exis ts ,  then an increase  in  terms of  “s t i f fness”  and 
“strength” is  usual ly exerted with respect  to  the pure polymer,   
but  i f ,  a t  the same t ime,  adhesion and/or  dispersion is  not  
being wel l  control led,  then the presence of  CNTs gives  a  
paral lel  negat ive contr ibut ion to the reinforcement  of  the 
composi te  with  a  consequence of  a  det r iment  of  especia l ly  
“ducti l i ty” and “toughness”.  For this  reasons,  in  summary,  as  
long as  the issue of  aggregat ion and dispersion of  CNTs wil l  
be out  of  control  when introducing them within the polymer 
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matr ix ,  then the addi t ion of CNTs is  l ikely to give birth to a 
much more “rigid” and “resistant” material ,  but ,  on the other  
hand,  also more “fragi le” and less  “tough”.   
 
4.4.2 OM 
Many interest ing information can be also discussed through 
the observat ion of  OM photographs,  which were  taken on CNT 
composite f i lms.   
In Figures 105a) and b) ,  i t  is  depicted a PP1L sample f i lm 
after  the tensi le  deformation,  in  the  necking and the  fa i lure  
zone respect ively,  while  in  Figure 106 the fai lure  zone of  a  
PP3L sample f i lm is  showed.  In these Figur es  i t  i s  poss ib le  to   
dis t inguish the presence of  ei ther  big regions of  one ore more 
separate  aggregate  nanotubes ei ther  smaller  local  aggregat ion 
of  nanotubes,  clearly oriented along the take up direct ion 
(TD).  
Furthermore,  i t  a lso worth not ic ing the t race  of  the  
polymer’s  “cold f low”,  which occurs  through a  tor tuous  pa th  
around the region of  nanotubes.  I t  is  known that  a  
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thermoplast ic  polymer,  under  s ta t ic  load,   is  subjected,  a t  room 
temperature ,  to  cont inuing dimensional  change,  revers ible  or  
non revers ible ,  that  fol lows ini t ia l  instantaneous deformation 
(necking) .  This  phenomena is  named “cold f low” and lead to  a  
molecular  f low which al low molecule to be oriented in the 
direct ion of  to  the appl ied load.  
In this  part icular  type of  “energy dissipat ing f low”,  the  
regions of  aggregated nanotubes move relat ively to each other 
and arrange themselves in a  zigzag structure at  ~90° direct ion 
w i th respect  to  the appl ied load.  
Thus,  the reinforcing effect  in  the composi te  f i lms is  
actuated through the stress  t ransfer  between the matrix and the 
“regions” of  nanotubes,  which themselves move respect  with 
each other  during the polymer’s  cold f low, set t ing themselves 
in  a  z igzag s t ructure  a t  90° posi t ion with respect  to  the 
direct ion of  the applied load.  At the same t ime  the  polymer  
f low is  hindered by the tor tuous path around the nanotubes 
regions which might be the mode of dissipation of deformation 
energy of  the composi te  f i lm.  This  phenomena continues unt i l  
one of  more regions become a defect  or  a  hole and thus a  s tress  
concentrator  that  induces the f i lm fai lure (Figure 108) .   
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 a )  
b)  
Figure105 :  OM pho to graph of  PP1 L at  a)  necking zone and b)  
f racture  zone  
TD 
TD 
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With fur ther  increas ing CNT content ,  the f i lms become more 
r igid  and,  a t  same t ime,  less  duct i le  (Figure  107) ,  thus  the  
length of  the tor tuous path during the “cold f low” shorter  the  
higher the CNT concentrat ion.  In al l  cases,   the crack seems to 
begin at  the t ip  of  a  nanotube aggregate  region from which i t  
propagates through the polymer matrix.  However,  from the 
observat ion of  the OM photographs,  i t  seems that  the higher 
the CNT concentrat ion the earl ier  the fai lure of  the f i lm.   
 
 
Figure  106 :  OM photograph  of  PP3L  
TD 
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Figure  107 :  OM photograph  of  PP5 L  
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Figure 108 : Crack propagat ion  f rom the  t ip  of  a  nanotube  
agg lomera t ion 
 
This  type of  behaviour  represent  a  c lear  evidence of  the  type 
stress  t ransfer  which happens moreover between the polymer 
matrix and the regions of  nanotubes than the single nanotube.  
Furthermore,  i t  i s  l ikely that  the  mechanisms of  re inforcement  
Final ly,  in Figure  109 an undeformed PP5L sample f i lm is  
showed.  I t  evident  in  the medium zone of  the f i lm the presence 
of a long zigzag “skeleton” in the take - up direct ion.  This  
s t ructure represents  an evidence of  the abi l i ty  of  CNTs o f  
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forming wel l  ordered arrangements  even within a  part icular  
material  system l ike polymer f i lms.  Their  great potent ial i ty  in  
the f ie ld  of  mechanical  propert ies  was also here  disclosed,  
regardless  the numerous  big challenges that  have st i l l  to be 
pursued,  l ike the possibi l i ty  to  control  the main reinforcing 
effects ,  such as  dispersion,  waviness  and agglomerate  effects .   
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Figure  109:  Undeformed  PP5L sample  f i lm.  I t  i s  
v i s ib le  the  p resence  o f  a  long z ig- zag s k e l e t o n a t  
the  cen t re  of  the  photograph  
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Conclusions 
 
PP/CNTs composi tes  were produced through tradi t ional  
la rge  scale  polymer processing techniques.  In  par t icular  
PP/CNT composite  pla tes  were obtained through tradi t ional  
extrusion technique  by pressing the granulated melt- mixed 
composites whi le  PP/CNT composi te  f i lms were produced 
through the blown fi lm extrusion technology.  
The addi t ion  of  CNTs affect  the Tc that  increases 
almost  l inearly with CNT wt content .  Both the melt ing and 
crystal l izat ion peaks in  PP/CNT composi tes  are  narrower than 
the pure PP and the ful l  width at  half  maximum of  
crysta l l izat ion peaks for  PP is  greater  than that  of   PP/CNTs,  
which means a  narrower crystal l i te  s ize  dis t r ibut ion in  the 
CNT/PP composi te  as  compared to  pure  PP.  T he sharper  
crystal l izat ion and melt ing peaks a t  leas t  in  par t  may be 
just i f ied with the higher  thermal  conductivi ty of  the carbon 
nanotubes with respect  to  that  of  the polymer,  as  heat  
distr ibution wil l  be more uniform inside the samples 
containing the carbon nanotubes.  
 A s ignif icant  ef fect  of  the  addi t ion of  carbon nanotubes 
is  vis ible  also on the melt ing temperature (from ~150° to  
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155°C) and the glass t ransi t ion temperature ,  which increases  
almost  l inearly from ~ -22°C to  -12°C .  
The f i lm blowing process induced good level  of  nanotubes 
or ienta t ion in the PP/CNT composite f i lms  which posi t ively  
affected the mechanical  propert ies  in terms of  Young’s 
modulus and s t rength.  
Tensi le  tes t  were  performed ei ther  on sui table  composi te  
sample plates ,  To invest igate on the effect  of  molecular  and 
carbon  nanotube or ientat ion on the mechanical  propert ies  of  
PP,  e i ther  on f i lm samples.  Furthermore,   blown f i lm samples 
were tested ei ther  in  the blow -up direct ion  (BD) ei ther  the  
take - up one (TD).  Different  behaviour  were  displayed by the  
blown fi lms samples in the  two direct ions of  tes t ing as  a  
consequence of  the biaxial  or ientat ion of  molecules  (and/or  the 
carbon nanotubes)  during the f i lm blowing.  
The incorporat ion of  small  weight  fract ion of  CNTs in the 
PP matr ix resul ted in a  s ignif icant  increase in Young’s 
mod ulus and strength in al l  composi te  system (plates  and 
f i lms).  
Dynamic- mechanical  proper t ies  were analyzed for  PP/CNT 
composite  plates  in the sol id s tate .  The master  curves obtained 
from the temperature- frequency scan have showed a  s ignif icant  
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improvement  in  the e las t ic  propert ies  (E’)  for  a  cer ta in  weight  
content  CNT (5 wt .%).  
The rheological  behaviour of  c  po lypropylene /CNTs 
composite pla tes  were invest igated using osci l la tory rheometry 
at  constant  temperature of  220°C.  The nanotubes have a  
diameter of approximately 10nm while  the length is  a t  least  10 
nm after  the production with CVD. The viscosi ty  increases  
s ignif icant ly with increasing nanotube weight  content .  The 
viscosi ty  of  these was shown to be s t rongly dependent  upon 
test  frequency.  Pure  polypropyle ne and composi tes  containing 
less  or  equal  than 1 wt .% CNT show similar  f requency 
dependence and reach a  Newtonian plateau at  low frequencies .  
Above 1 wt .% nanotubes,  the viscosi ty  curves exhibi t  non-
Newtonian behaviour  to  much lower  f requencies .  Therefore,  1  
wt .% may be regarded as  a  Rheological  threshold composi t ion.  
The viscosi ty increase is  accompanied by an improvement in 
the elast ic  melt  propert ies ,  represented by the s torage modulus 
G’,  whose increase is  much higher  than that  of  the  loss  
modulus G’’ .   
The morphology of  PP/CNTs composites  and f i lms was 
analyzed through SEM and OM technique.  In the fracture 
surface of  PP1%, containing 1 wt% CNT, carbon nanotubes  
INFLUENCE OF CARBON NANOTUBES ON THE PROPERTIES OF FILMS OF POLYPROPILENE PREPARED 
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appear  to  be disperse in  the form of  1  mm diameter  c lus ter  and 
they are  observed as  white  spots  dispersed independent ly  
through the matr ix.  With fur ther  increasing CNT content ,  a  
network of  CNT part ic les  is  gradual ly formed within the 
matrix of the composites and fi lms,  leading to a sharp increase 
in  the mechanical  propert ies .  
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